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Critical mass 


Even Japan’s political leaders struggle to get answers regarding the Fukushima disaster. It is just 
the latest example of the government’s lack of independent scientific advice. 


ore than nine months after the nuclear-reactor disaster at 
M Fukushima, fundamental questions about what happened 
remain unanswered. Without answers to these questions, 
Japan, and the rest of the world, is in the dark on what went wrong, 
what must be done now, and how to avoid similar accidents in future. 

A Comment in this week’s issue summarizes these concerns (see 
page 313). For the Japanese public, one of the most troubling things 
about the article should be the identity ofits authors: two ruling party 
politicians, including a former prime minister. Surely they should be 
able to get some answers? 

Following the accident, the Tokyo Electric Power Company, 
which operated the Fukushima plant, initially released only a heavily 
redacted nuclear-reactor manual. When finally released in an undoc- 
tored format in late October, the manual revealed just how lacking 
the company was in terms of contingency measures. This conceal- 
ment gives some idea of why even senior political figures struggled 
for answers in the wake of the disaster, and why they have now chosen 
to pose their questions in this very public way. 

This all points to a problem in Japan that predates Fukushima and 
seems to afflict every Japanese regime: the absence of a strong and 
independent scientific voice to advise the government. In this case, 
such a voice — be it from a chief scientist appointed by the government 
or froma truly independent nuclear regulator — could have helped to 
direct evacuations, medical relief, screening for radiation and decon- 
tamination efforts. It also would have helped to lead the studies needed 
to find answers to the questions mentioned above. 

Many times in Japan’s recent history, the government has handed 
responsibility for dealing with issues involving tricky scientific concepts 
to bureaucrats or politicians. All too often, these officials, not under- 
standing the issues, do what governments shouldn't do — hide the 
problem and hope it will go away. In the meantime, politicians fumble 
for answers, while ill-informed government spokespeople tell confused 
stories that can make them look foolish, irresponsible or deceitful. 

This is how the government handled Minamata disease caused by 
industrial mercury poisoning in the 1950s and 60s, the HIV-tainted 
blood products problem in the 1980s, and the BSE scare of a decade 
ago. And now it is how it has handled Fukushima. Fear of spreading 
panic, for example, prevented warnings being issued on the dangers 
of radiation predicted by simulations. As a result, more residents than 
necessary were exposed. 

The government's main sources for scientific information for Fuku- 
shima were the industry ministry’s Nuclear and Industrial Safety 
Agency and the Nuclear Safety Commission. Although these bodies 
might have expertise in nuclear-reactor physics, they also have ties to 
the nuclear industry that create a conflict of interest. And they were 
not an effective and prompt source for quick decisions on decontami- 
nation or health risks. The government recognized this by shifting 
nuclear monitoring and safety regulation functions to a new, as yet 


unproven, nuclear-energy agency under the environment ministry. 
It has also promised to produce its own independent report on the 

accident, but its workings are far from transparent. 
Japan should go further and open broader and more permanent 
channels for scientific advice. Fukushima should be the incident that 
finally forces the government to put in place 


“Politicians a structure that could bring fast and decisive 
fumble for action on critical situations in the future. 
answers, while Japan could start by following the exam- 
spokespeople ple of countries such as the United States and 
tell confused the United Kingdom, and take on a science 
stories.” adviser. Five years ago, Japan did claim to 


establish such a system, installing a scientist 
as a special adviser to the cabinet (see Nature 443, 734-735; 2006). But 
that was based more on hopes of encouraging innovation than dealing 
with the broad range of scientific issues that a proper science adviser 
takes on — and the experiment lasted only two years. Now there is no 
science adviser. Efforts to give the Science Council of Japan a more 
influential role, akin to the US National Academy of Sciences, have 
also come up short (see Nature 428, 357; 2004). 

Scientists can help to understand what is known and, critically, what 
cannot be known about a situation. In the absence of certainty, they 
can help to understand the risks involved. They can help to explain 
this cogently and clearly to people at large. They can do this from 
an unbiased and apolitical perspective, so that even if circumstances 
change they can change their assessment with less risk of being criti- 
cized for political motives. And they give the politicians both cover 
for unpopular decisions and, in the case of a political appointee such 
as an adviser, a trusted personal relationship. 

Japan can do better. The Japanese people deserve better. m 


Error of judgment 


The European Court of Justice was wrong to 
weigh in on the definition of ahuman embryo. 


truly be said to become a human will never have a clear answer. 

It depends on whom you ask: biologists, theologians, and pro- 

life and pro-choice campaigners have all wrestled with the concept for 

years. Regulations that cover the relevant scientific fields and issues 

should take all these conflicting views into account. Not everybody will 
be happy with the outcome, but, by definition, not everybody can be. 

In October, the European Court of Justice (ECJ) took on the 


Te: question of when a formless clump of developing cells can 
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question. And rather than tip-toeing around the sensitivities, the 
judges of the court — the highest in Europe — trampled right through 
them. The ECJ had been asked by the German Supreme Court to 
clarify ambiguous wording in the European Union (EU) directive 
on the Legal Protection of Biotechnological Inventions, which bans 
patents on procedures that use human embryos. The ECJ responded 
with a clumsy ruling that outlaws patents involving stem cells derived 
from such embryos and, some critics say, raises questions about future 
research into regenerative medicine (see page 310). In doing so, the 
court effectively stepped over the line that separates the interpretation 
of law, which is its responsibility, from the creation of law, which is the 
job of parliaments and governments. 

For the most part, the ECJ does a faultless job. This time, however, it 
exceeded its competence. In the case under consideration, Greenpeace 
had claimed that the existing directive should outlaw a patent relying on 
human embryonic stem cells that had been taken out by Oliver Bristle, 
director of the Institute of Reconstructive Neurobiology in Bonn, 
Germany. But are human embryonic stem cells equivalent to human 
embryos in this context? The German Supreme Court, which was han- 
dling the Greenpeace complaint, passed the question up to the EC). 

Unfortunately, the ECJ chose not to confine its analysis to the pat- 
ent context, but took it upon itself to define the term ‘human embryo 
generally (and in the broadest possible way), and to assess the sur- 
rounding moral environment. A human embryo, it said, comprises 
an ovum activated to divide by fertilization or any artificial means. 
Moreover, it added, any research involving human embryonic stem- 
cell lines is immoral, because such cell lines are originally derived 
from fertilized eggs. 

The ruling left many scientists, judges and legal experts in Germany 


and other EU member states fuming. Not only because the court had 
issued a de facto legal definition of a human embryo, but because it 
had done so with shoddy reasoning and without appropriate legal 
references. In the case of ambiguous law, a court should go back and 
ponder the intention of the law-makers. From its brief justification in 
Briistle v. Greenpeace, the ECJ seems not to have done that. 

The EC) is made up of judges from each 


“The ruling lef c EU member state, and critics argue that it 
many scientists, simply does not have the technical expertise 
judgesandlegal _ todeal with issues such as patenting, or stem 
experts in EU cells. Yet the court is not held to account by 
member states any external watchdog, and its decisions can- 
fuming.” not be appealed. 


Last week, an alliance of ten major German 
research organizations, including the German Research Foundation 
(DFG, the country’s national granting agency), the University Rectors 
Conference and the Max Planck Society, put out a statement condemn- 
ing the decision. But the damage has been done. Battle lines have already 
been drawn in the European Parliament, with those opposed to research 
with human embryonic stem cells calling for funds to be frozen. 

The only obvious route out of the confusion created by the EC] is 
for the real law-makers — the European Parliament and the Council 
of the European Union — to amend the ambiguous EU directive that 
caused all the trouble. They should tighten its loose language on the 
legal definition of a human embryo in terms of patenting, so that the 
law reflects what the lawmakers originally intended. This will take 
courage (and time — the original directive was a decade in the works) 
but, as the EC) ruling shows, for all its sensitivities, this is not a subject 
on which it pays to be vague. m 


The mask slips 


The Durban meeting shows that climate policy 
and climate science inhabit parallel worlds. 


t says a lot about the outcome of the UN climate talks in South 

Africa at the weekend that most of the immediate reports focused 

on the wrangling that led to an agreement of sorts, rather than the 
contents and implications of the agreement itself. Late-night talks, 
later-night arguments and early-morning pacts between battling nego- 
tiators with the apparent fate of the world resting on their shoulders 
give the process a melodrama that is hard to resist, particularly for 
those who experienced it first hand in the chaos of the Durban meet- 
ing (see page 299). 

Such late finishes are becoming the norm at these summits. Only 
as nations abandon their original negotiating positions and reveal 
their true demands — throwing international differences into stark 
relief — does a sense of urgency develop and serious negotiation 
take place. Combined with the consensus nature of the talks, which 
demands that everyone agrees to everything, the result is usually a 
cobbled-together compromise that allows as many countries as pos- 
sible to claim victory and, most importantly, provides them with a 
mandate to reconvene in 12 months’ time. 

So it was this time. In the search for a successor to the Kyoto Protocol, 
we now have the Durban Platform, which comes on the heels of the 
Bali Road Map and the Copenhagen Accord. 

It takes a certain kind of optimism — or an outbreak of collective 
Stockholm syndrome — to see the Durban outcome as a significant 
breakthrough on global warming, as many are claiming. Outside 
Europe — which has set itself binding emissions goals over the short 
and long term beyond what it will inherit under its stated plan to carry 
on with unilateral cuts under an extended Kyoto — there will be no 
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obligation for any nation to reduce soaring greenhouse-gas emissions 
much before the end of the decade. And that is assuming that all flows 
smoothly in future UN talks, and that a global deal with binding com- 
mitments proves easier to find in talks due to start in 2015 than it has 
so far. 

The Durban deal may mark a success in the political process to 
tackle climate change, but for the climate itself, it is an unqualified 
disaster. It is clear that the science of climate change and the politics 
of climate change, which claims to represent it, now inhabit parallel 
worlds. 

This has always been true up to a point, but surely the mask of politi- 
cal rhetoric has now slipped so far, to reveal the ugly political reality 
underneath, that it can never be replaced. How can politicians talk 
now with a straight face of limiting global warming to 2°C? How will 
campaigners frame this result as leaving yet another ‘last chance’ to 
save the planet? 

That does not make the political process redundant — far from it. 
Introducing policies to curb emissions was never about saving the 
planet or not, or stopping global warming or not. It is about damage 
limitation — the 3°C or 4°C of average warming the planet could 
experience in the long term, according to some analyses of the Durban 
outcome doing the rounds, is clearly much worse than the 2°C used 
as shorthand for dangerous at present. But it is preferable to the 5 °C 
or 6°C that science suggests is possible if emissions continue to rise 
unabated. 

To prevent that outcome will be just as difficult politically as was the 
now abandoned attempt to find a global successor in time to follow 
Kyoto. But it remains possible — and there were at least encouraging 
signs in Durban that previously obstinate countries recognize that it is 
necessary, even ifit is delayed. Those, including this journal, who have 
long argued the scientific case for the need to 
control greenhouse-gas emissions should back 
this new political mood to the hilt. But as the 
Durban Platform crowds with politicians, the 
climate train they wait for has left the station. m 
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tent to tent at the Global Forum in Rio de Janeiro’s Flamingo 

Park, with young, idealistic environmental activists milling 
about, I couldn't help thinking of Dale Arden’s line from the film Flash 
Gordon, a decade before: “Flash, Flash, I love you, but we only have 
14 hours to save the Earth!” 

Brazil’s 1992 Earth Summit was in full swing, and when it closed 
it even seemed that we would manage to save the world from global 
warming, and species extinction too. After all, delegates at the United 
Nations Conference on Environment and Development — as it 
was officially known — had just adopted two conventions to stave off 
these threats. 

Little did I realize that the newly formed UN Framework Con- 
vention on Climate Change (UNFCCC) would 
become my ticket to see the world, via its annual 
Conference of Parties (COP). On Monday morn- 
ing, I arrived home in Dublin from covering 
yet another frenetic COP meeting, this time in 
Durban, South Africa, where it was held in the 
International Convention Centre, surrounded 
by a continuous concrete barrier with steel fenc- 
ing on top. 

It was the latest gig in the UNFCCC travelling 
circus. We queued in Copenhagen in 2009 and 
boiled in Bali in December 2007 — after nearly 
freezing in Montreal two years earlier. I didn’t 
get to Buenos Aires (1998), Marrakech (2001) 
or Delhi (2002), but I’ve been at all the rest — in 
exotic locations, and in Poznan, Poland. 

What's striking is how the climate issue has 
become more pressing with each passing year, 
and how difficult it has proved to resolve. Back in Berlin at the first 
COP in 1995, climate change seemed like a distant threat — something 
for our grandchildren to worry about. But as the scientific evidence 
has hardened since then, so has the reality on the ground. Anyone who 
has travelled in sub-Saharan Africa (as I have) with his eyes open will 
have met smallholders who relate their personal experiences of how 
the climate is changing, and how difficult it is to survive as a result. 

There have been dark forces at work over the years too, led in the 
1990s by the benignly named Global Climate Coalition — the fossil- 
fuel lobby in disguise — and the likes of Washington lawyer Don Pearl- 
man, who was crowned by environmentalists and frustrated delegates 
as King of the Carbon Club. Pearlman, who died in 2005, was such an 
expert on the process that the Saudi Arabian delegates, long-running 
obstructionists, took their orders from him. 


Ne 20 years ago, as I wandered as a newspaper reporter from 


Still, Pearlman met his match in Angela Mer- DNATURE.COM 
kel, who chaired that first COP in Berlin when _ Discuss this article 
she was Germany’s environment minister. As __ online at: 
the deadline for agreement loomed, she simply _go.nature.com/NGxnCl 


EXCEPT IN EUROPE, 
BIGGER COUNTRIES 
STILL SEEM 


UNWILLING 
TO TAKE THE STEPS 
REQUIRED TO 
RESPOND TO THE 


SCIENCE. 


Watching the players at 
the climate poker table 


Intwo decades of covering climate-change negotiations, Frank McDonald, 
has seen youthful hope fight dark forces, and a distant threat become a reality. 


overlooked the Saudi delegate’s objections and, despite his screeched 
protests, and the UN rules that demand unanimous decisions, gavelled 
through the mandate that led us to the Kyoto Protocol two years later. 

The current crop of COP delegates are a diverse bunch, from the 
hawkish Todd Stern, the US climate-change envoy, who seems to be 
entirely devoid of emotion, to the more engaging Connie Hedegaard, 
who survived the shambles of Copenhagen to become the European 
Union (EU) Climate Action Commissioner, and burly Xie Zhenhua, 
China’s rising star in this bewildering game of climate poker. 

The latest big player is India’s environment minister, Jayanthi Nata- 
rajan. She played with high stakes in Durban, in a showdown with 
Hedegaard over an EU road map on future action (see page 299). 
In response, the EU forged an impressive coalition with delegates 
representing people much more vulnerable and 
equally blameless — the Alliance of Small Island 
States, which fear global warming could wipe 
them off the map, and the impoverished group 
of least developed countries, which are mainly 
in Africa. And as Durban had been dubbed ‘the 
African COP’, the moral power of this alliance 
heaped pressure on the three biggest emitters — 
China, the United States and India. 

What we got, after two all-night sessions and 
nearly two days of ‘injury time’ was hailed by 
insiders as a breakthrough, comparable to that 
first COP in Berlin, in giving a mandate for nego- 
tiations and a 2015 deadline to conclude them. 

But it is improbable that this will save the 
world. Except in Europe, bigger countries still 
seem unwilling to take the steps required to 
respond to the science. One wonders if this will 
ever change, even after the UN’s Intergovernmental Panel on Climate 
Change produces its Fifth Assessment, due by 2014. 

In 2009, US President Barack Obama pledged to “lead the world” 
on climate change, but there has been no evidence of any such leader- 
ship. And with a US presidential election next year, there’s even less 
chance that Obama will give any hostages to his sceptical and hostile 
Republican Party opponents. 

As for China, the advantage of having a totalitarian regime is that 
once it decides that wind turbines or high-speed trains are good things, 
they start to happen very quickly — but not fast enough to ensure that 
its now-prodigious carbon emissions, or those of the United States, 
will peak any time soon. And as each is fearful of the other gaining any 
advantage, the game of climate poker will run and run. = 


Frank McDonald is environment editor of the Irish Times, author 
of several books and was recently elected as an honorary fellow of the 
Royal Institute of British Architects. 

e-mail: fmcd@eircom.net 
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Pe RESEARCH 
Higgs hunt 


Physicists at the Large 

Hadron Collider at CERN, 
near Geneva, Switzerland, 
announced on 13 December 
that the collider has seen 
signals consistent with the 
possible existence of the Higgs 
boson with a mass of about 
125 gigaelectronvolts. But the 
evidence isn't strong enough to 
rule out the particle’s absence. 
See page 301 for more. 


Gene-therapy boost 
A gene-therapy treatment 

for patients with the 
blood-clotting disorder 
haemophilia B has scored 

its first unequivocal success, 
scientists at University 

College London reported 

at the American Society 

of Hematology meeting in 

San Diego, California, on 

11 December (A. C. Nathwani 
etal. N. Engl. J. Med. http://doi. 
org/g8n; 2011). Haemophilia 

B is caused by mutations in 

the gene that codes for the 
factor IX protein; the treatment 
uses viruses to deliver a healthy 
version of the gene to patients’ 


MENTOR AWARDS 

The annual Nature Awards 
for Mentoring in Science (go. 
nature.com/qithms), which 
this year recognized mentors 
in France, were presented 
on 12 December in Paris. 
Two Paris-based researchers 
shared the €10,000 
(US$13,200) lifetime- 
achievement award: Moshe 
Yaniv, a geneticist at the 
Pasteur Institute, and Jean 
Rossier, a neurobiologist 

at ESPCI ParisTech. The 
€10,000 mid-career 

award went to Barbara 
Demeneix, a developmental 
endocrinologist at the 
National Museum of Natural 
History in Paris. 


The news in brief 


Fresh clue to ancient Mars water 


NASAs Opportunity rover has discovered 
veins of hydrothermally deposited minerals 

at the edge of Endeavour crater on Mars. The 
bright, stick-like veins (pictured), apparently 
comprised of gypsum, show that hot, mineral- 
rich water once pulsed through fractures in the 
volcanic rock. Gypsum deposits can form in 
water that is much less acidic than required by 
the water-altered sulphate minerals previously 


liver cells. In a previous trial, 
protein production dropped 
below therapeutic levels after 
two months (C. S$. Manno 

et al. Nature Med. 12, 342-347; 
2006). But in the latest trial, 
four out of six patients were 
still making the protein up to 
18 months after one treatment, 
and did not need injections of 
blood-clotting factors. 


Targeting cancer 
Efforts to create cancer 
therapies tailored to a patient's 
genetic make-up were boosted 
by promising clinical-trial 
results reported on 7 December 
(J. Baselga et al. N. Engl. J. Med. 
http://doi.org/g8m; 2011). The 
trial was conducted on women 
with advanced forms of breast 
cancer that involved mutations 
in the HER2 gene, which 
drives about 20% of breast- 
cancer cases. Those given the 
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experimental monoclonal 
antibody pertuzumab and the 
widely used drug trastuzumab 
(Herceptin), together with 
chemotherapy, gained an 
extra 6-month lull in disease 
progression compared 

with women receiving 

only chemotherapy and 
trastuzumab. Both antibodies 
target the protein affected by 
HER2 mutations. See go.nature. 
com/hwxlbd for more. 


Durban deal 


After negotiations that ran 
into the early morning, tired 
politicians at the climate talks 
in Durban, South Africa, 
agreed that by 2015, the world 
would negotiate a new climate 
treaty, which would require 
all nations to meet as-yet- 
unspecified emissions targets 


discovered on Mars — meaning that the site 
could have been more habitable than others 
explored by the rover. Principal investigator 
Steve Squyres, of Cornell University in Ithaca, 
New York, told a meeting of the American 
Geophysical Union in San Francisco, 
California, on 8 December that the discovery is 
the most “bullet-proof” support yet for ancient 
water. See go.nature.com/nmsldl for more. 


and would come into force 
from 2020. The Kyoto Protocol 
will be extended by at least 

5 years. Emotions were mixed 
after the deal on 11 December, 
which brought in previously 
recalcitrant countries, but also 
deferred action for a decade. 
See pages 292 and 299 for more. 


Forest threat 


Brazil's Senate has approved 

a new ‘forest code, which 
scientists fear will weaken 
strict rules on tree- 

clearing that have reduced 
deforestation in the Amazon. 
Alllandowners there have 

had to maintain forest on 80% 
of their land, but the new bill 
creates exemptions for small 
landowners and pardons those 
who deforested illegally before 
2008. This could “unleash a 
wave of impunity’, to wipe out 
forests and woodlands, says 


NASA/JPL-CALTECH/CORNELL/ASU 


= Daniel Nepstad, an ecologist 
= who works with the Amazon 
2 Environmental Research 
% Institute in Brasilia. President 
«: Dilma Rouseff has pledged 
to veto the legislation. See 
go.nature.com/rutitm for 
more. 


Stem-cell appeal 

A lawsuit seeking to halt US 
federal funding for research on 
human embryonic stem cells 
is not quite dead — although 

it was thrown out in July by 

a District of Columbia judge 
(see Nature 476, 14-15; 2011). 
On 7 December, the Court 

of Appeals for the District of 
Columbia circuit (one level 
below the Supreme Court) set 
a date of 23 April 2012 to hear 
an appeal from the plaintiffs in 
the case, James Sherley, of the 
Boston Biomedical Research 
Institute in Massachusetts, and 
Theresa Deisher, who runs 
AVM Biotechnology in Seattle, 
Washington. Both work on 
adult stem cells. 


RTS. 


Fracking worry 

The US Environmental 
Protection Agency (EPA) has 
said that chemicals associated 
with fracking, a controversial 
technique that involves 
pumping high-pressure fluids 
into shale to force out natural 
gas, probably polluted water 
supplies in central Wyoming. 
Shale-gas companies have 
maintained that complaints 
of methane and other 


TREND WATCH 


SOURCE: NHGRI 


The US National Human Genome 


Research Institute (NHGRI) 
announced a four-year plan on 

6 December that focuses heavily 
on the use of genome sequences 
in the clinic. The institute's 
funding of programmes for large- 
scale sequencing has actually 
shrunk in recent years (see chart), 
but because the per-base cost of 


sequencing has dropped so much, 


the hope is that patients will 
routinely undergo sequencing for 
medical purposes. See go.nature. 
com/jhjz21 for more details of the 
NHGRI programme. 


chemicals in groundwater 
can't definitely be linked to 
fracking, despite the many 
public protests against the 
practice (pictured). The EPA‘s 
draft report was released on 

8 December and has yet to be 
peer-reviewed; the agency is 
also working on a national 
study on fracking’s impacts, to 
be released in 2012. 


Pill politics 

In a surprise move, the 

US Secretary of Health 

and Human Services, 
Kathleen Sebelius, has 
overruled the Food and 

Drug Administration (FDA) 
and denied girls under 17 
access to the emergency 
contraceptive levonorgestrel 
— known as the morning- 
after pill, or Plan B — unless 
it is prescribed by a physician. 
Drug-makers Teva had asked 
that the pill be made available 
over the counter to girls, and 
FDA research had found it 

to be safe and effective. But 
Sebelius said on 7 December 
that she did not believe the 
pill could be used safely by the 


MEGABASE BOOM 


youngest girls of reproductive 
age. See go.nature.com/ 
w33430 for more. 


Fisheries push 

The United Nations has 
stepped up a push to 
encourage sustainable 
fisheries. Its general assembly 
on 6 December adopted a draft 
resolution that urges nations 
to reduce or eliminate by-catch 
and to increase efforts to deal 
with the impact of climate 
change on stocks. With many 
fish stocks being harvested at 
unsustainable levels — and 
many suffering from a lack of 
data on actual catch levels — 
the resolution also encouraged 
states to “increase their 
reliance on scientific advice” to 
manage fisheries. 


Funding agencies in Canada 
will no longer keep secret 
the identities of researchers 
they support who commit 
misconduct. The change 

— called for in a Nature 
Editorial in September 

(see Nature 477, 509-510; 
2011) — came as part ofa 
new policy on responsible 
conduct of research, released 
on 5 December. See go.nature. 
com/aj2zq6 for more. 


NOAA integrity 

It was more than 2 years 

in the making, but the 

US National Oceanic and 
Atmospheric Administration 


Despite falling funds, US agencies can support more DNA 
base sequencing — thanks to next-generation technologies. 
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SEVEN DAYS | THIS WEEK | 


16 DECEMBER 

The Japanese 
government is expected 
to announce that the 
Fukushima Daiichi 
nuclear plant has 
reached cold shutdown 
—a declaration that 
the stricken reactors 
have reached stable, low 
temperatures and the 
immediate crisis is over. 


17 DECEMBER 

The deadline for US 
science agencies to 

send final policies on 
scientific integrity to the 
White House. 


(NOAA) finally released its 
scientific integrity policy 

on 7 December. The policy, 
which applies to thousands of 
NOAA employees conducting 
research on climate, oil spills, 
marine mammals and other 
sometimes controversial 
topics, prohibits agency 
employees from distorting 
science and protects the rights 
of NOAA scientists to speak 
openly about their work and 
to report wrongdoing. See 
go.nature.com/ihfjbv for more. 


US integrity head 


After a 22-month search, the 
US Department of Health 
and Human Services’ Office 
of Research Integrity (ORI) 
named David Wright as 

its permanent director on 

5 December. Wright is a 
historian of US science and 
technology who previously 
served as a research-integrity 
administrator at Michigan 
State University in East 
Lansing. He has also worked 
as a consultant to the ORI. He 
replaces Don Wright, who has 
served as acting director since 
the retirement of Chris Pascal 
in 2009. 


> NATURE.COM 
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A. FLAK/REUTERS 


LHC confirms long- Trove of super- An independent 
rumoured glimmer of the Earths confounds the voice for science in 
Higgs particle p.301 theorists p.302 Brussels p.305 


P South 
Africa’s hopes ride a 
mega-telescope p.308 


Europe’s climate commissioner, Connie Hedegaard (seated left), negotiates with India’s environment 
minister, Jayanthi Natarajan (seated mid-right), in the early hours of 11 December in Durban, South Africa. 


Durban maps path 
to climate treaty 


Marathon talks enable Europe to break deadlock over 
global-warming deal with major greenhouse-gas emitters. 


BY JEFF TOLLEFSON IN DURBAN 


climate-change negotiations in Durban, 
South Africa, last week, there was talk of 
postponing a decision altogether. But one 
question always came up: would more time 
really make a difference? After all, the issues 
facing negotiators have not changed in years, 


IE the darkest hours of the international 


and the scientific evidence for the potential 
impacts of anthropogenic climate change just 
keeps getting stronger. 

The first round of greenhouse-gas reduc- 
tion commitments under the Kyoto Protocol 
will expire at the end of 2012, adding to the 
pressure on policy-makers to tackle the 
problem and leaving Durban as the last, best 
chance to establish a fresh road map to curb 


greenhouse-gas emissions. Agreed in 1997, 
the Kyoto Protocol is still the only global treaty 
that sets out legally binding goals for countries 
to reduce greenhouse-gas emissions. How- 
ever, developing nations were exempt, and the 
United States refused to sign up, weakening the 
treaty’s impact. 

With tensions high, long-simmering 
disputes between rich and poor countries 
erupted time and again in Durban — but the 
febrile atmosphere gave European negotiators 
enough leverage to broker a historic global 
deal. Through a blend of clever politicking 
and sheer fatigue, the deal was thrashed out 
in impromptu huddles that formed in the 
main conference hall during the small hours 
of 11 December, in plain sight of anyone who 
was willing to push their way into the crowd — 
this reporter included. 

Known as the Durban Platform, the deal 
commits the world to negotiating a new 
climate treaty by 2015. Crucially, that treaty 
would legally require all nations — includ- 
ing the two biggest emitters, China and the 
United States — to meet as-yet-unspecified 
emissions targets. It also extends the Kyoto 
Protocol by a period of between five and 
eight years, with the final term to be decided 
at the next annual conference of the United 
Nations Framework Convention on Climate 
Change in Doha, Qatar, at the end of 2012. 
The European Union (EU) has already prom- 
ised to register its existing emissions pledges 
under the extended protocol, as has a hand- 
ful of other countries. Canada, however, has 
been unable to meet its Kyoto commitments, 
and announced on 12 December that it would 
formally withdraw from the protocol. 

Many observers had expected the con- 
ference to continue down the path towards 
voluntary climate commitments that was 
paved at the climate summit in Copenhagen 
two years ago (see Nature 479, 291-292; 2011). 
Instead, the Durban Platform shifts countries 
towards a legally binding agreement, which 
would come into force in 2020. “These really 
were very high-stakes negotiations over com- 
peting visions of the world,” says Alden Meyer, 
who heads climate policy for the Union of 
Concerned Scientists in Washington DC. 

Despite the celebra- 
tory atmosphere, the 
platform represents an 
exercise in legalese that 
does little or nothing 


Read more analysis 
from the summit at: 


15 DECEMBER 2011 | VOL 480 | NATURE | 299 


© 2011 Macmillan Publishers Limited. All rights reserved 


=I 
oa 
a 


| NEWS IN FOCUS 


THE GIGATONNE GAP 


By the time a new treaty to limit emissions comes into force in 2020, the world will have diverged further 
from the path needed to limit warming to 2 °C by 2100, according to an analysis by Climate Action Tracker. 


iS 
oO 


Global greenhouse-gas emissions (Gt CO, equivalent) 


> to reduce emissions, and defers action for 
almost a decade. The stated goal of the talks was 
to limit global warming to 2°C, although many 
developing nations and small-island states 
have advocated a target of 1.5°C. But the latest 
analysis of current pledges from climate scien- 
tists advising delegates in Durban suggests that 
the world is on course to see 3.5 °C of warming 
this century (see “The gigatonne gap’). 

Countries such as Venezuela protested 
against the proposed deal, noting that past 
emissions by the United States and Europe 
will drive much of this warming. They 
argued that rich countries have refused to 
reduce their own emissions, and are now 
demanding that poor countries sacrifice eco- 
nomic development to make carbon cuts. But 
other developing countries, acknowledging 
that most future emissions growth will come 
from once-poor nations, were willing to sign 
up. Early in the summit, Brazil and South 
Africa said that they would accept binding 
commitments under a new treaty. As the final 
negotiations over wording began, observers 
said that China and the United States also 
acquiesced. By the morning of 11 December, 
India was the main holdout. 

India’s environment and forests minister, 
Jayanthi Natarajan, gave an impassioned 
speech invoking the original 1992 Framework 
Convention on Climate Change, which stated 
that countries have “common but differen- 
tiated responsibilities” for tackling global 
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warming — language that was not part of the new 
proposal. “Does climate change mean you give 
up equity?” Natarajan asked. “India will never 
be intimidated by threats or any kind of pres- 
sure like this” 

After objecting to stronger wording, India 
finally agreed to pursue talks towards a “pro- 
tocol, legal instrument or an agreed outcome 
with legal force”. Connie Hedegaard, the EU 
commissioner for climate change, who was 
instrumental in push- 


ing for aroad map toa “There is going 
legally binding treaty, tobesome tough 
said the outcome was bargaining 

a “good and strong qhead.” 


result” Luiz Alberto 

Figueiredo Machado, Brazil’s lead negotiator, 
called the agreement a significant step. “Iam 
relieved that we have what we came here to get,” 
he said. 

Island states threatened by rising seas, such 
as Grenada and Papua New Guinea, had hoped 
for more immediate, aggressive steps. Kevin 
Conrad, the representative for Papua New 
Guinea in the negotiations, lays part of the 
blame for inaction on the ongoing global 
financial crisis. Economic woes have certainly 
diverted attention from the climate threat and, 
in the United States, emboldened right-wing 
politicians who have blocked President Barack 
Obama’ climate agenda. The political situa- 
tion may be no more favourable when treaty 
negotiations culminate in 2015, but “we need 


to start somewhere and then begin a process to 
ramp things up’, says Conrad. Fearing that the 
Durban agreement could lock in weak commit- 
ments until 2020, some countries plan to use a 
formal scientific review built into the process to 
push for additional, early emissions cuts. 

Negotiators did, however, make some 
progress in establishing a Green Climate 
Fund designed to help developing countries 
cope with global warming, although the talks 
failed to identify any sources of new funding. 
Industrialized nations had agreed at previ- 
ous meetings to boost funding for developing 
countries to US$100 billion annually by 2020; 
now they need to begin allocating the money. 

The talks also moved closer to establishing a 
system that would allow payments to countries 
that reduce carbon emissions by preventing 
deforestation, which accounts for roughly 15% 
of global emissions. Negotiators settled some 
technical details about how nations will cal- 
culate their emissions, and launched a process 
to explore how the funding system will work. 

The agreement also modified the Clean 
Development Mechanism, by which countries 
can sell carbon credits for projects that lower 
greenhouse-gas emissions, such as renewable 
energy. The mechanism, negotiated in Kyoto, 
allows developing countries to build up their 
green infrastructure, and sell the resulting 
credits to more developed nations. In Dur- 
ban, negotiators extended the mechanism to 
include projects that capture and store carbon 
emissions from power plants, allowing West- 
ern countries to finance these plants more 
cheaply in India or China. The agreement also 
requires industrialized countries to accept 
long-term liability for the projects, with 5% of 
the carbon credits being set aside to account 
for any leakage of stored greenhouse gases in 
the 20 years after they are buried. 

And in answer to growing demands to 
consider agriculture as a separate sector within 
the UN climate framework (see Nature 479, 
279; 2011), the agreement establishes a tech- 
nical body to investigate the issue and report 
back at the next meeting in Doha. 

That meeting will be the first test of 
whether the Durban Platform really can 
work as a global road map for climate-change 
action. “There is going to be some tough 
bargaining ahead,” says Meyer. “But I’m a lot 
more hopeful now than I was a couple of days 
ago.” m SEE EDITORIAL P.292 
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SOURCE: CLIMATEACTIONTRACKER.ORG 


M. NOSKOWSKI/GETTY 


C. MARCELLONI/CERN 


ATLAS at the Large Hadron Collider is one of two experiments focused on finding the Higgs particle. 


PARTICLE PHYSICS 


Detectors home in 
on Higgs boson 


Hunt gathers momentum as range narrows and hints of 


a possible signal emerge. 


BY EUGENIE SAMUEL REICH 


r | Vhe result is not definitive evidence of 
the long-sought Higgs boson — yet. 
But it is the closest so far to come out 
of the US$6.5-billion Large Hadron Collider 
(LHC) at CERN, Europe’s high-energy phys- 
ics laboratory near Geneva in Switzerland. 
On 13 December, physicists on the LHC’s 
two largest experiments announced signals 
consistent with the possible appearance of 
the Higgs boson, a manifestation of the force 
field that endows all other particles with mass. 
If supported by further data, the results sug- 
gest a Higgs particle with a mass of about 
125 gigaelectronvolts (GeV). But members 
of both experiments emphasize that the latest 
data are also statistically consistent with the 
particle's absence. 
“We have not collected enough evidence for 
a discovery. There is an excess of events com- 
patible with the hypothesis that it could be a 
Higgs,’ says Guido Tonelli, spokesman for the 
Compact Muon Solenoid (CMS) experiment. 


His sentiment was echoed by Fabiola Gianotti, 
spokeswoman for the LHC’s ATLAS experi- 
ment. “It could well be something intriguing, 
but it could be a background fluctuation,” she 
says. 

Last month, the CMS and ATLAS experi- 
ments presented a combined analysis that left 
little room for the Higgs to hide. If the par- 
ticle exists, it must have a mass of between 
114GeV and 141 GeV. The latest results nar- 
row the field even more: ATLAS has excluded 
all masses outside the range of 115-130 GeV, 
and the CMS team has revised the range to 
117-127 GeV. Raising anticipation still further, 
each experiment separately reports that the 
LHC’s high-energy collisions between protons 
generated an excess of particles that could be 
the products of Higgs particle production. The 

ATLAS result is consist- 
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signal of at most 2.6 standard deviations. In 
particle physics, a statistical significance of five 
standard deviations is considered to be proof 
of a particle’s existence, and three standard 
deviations to be evidence that a particle may 
exist. The ATLAS and CMS results have not 
yet been combined, so a joint probability is not 
available. 

The situation is further complicated by 
another signal seen by both experiments at 
around 119 GeV. It is a weaker signal and less 
convincing as a sign of the Higgs, particu- 
larly in the ATLAS data, but its presence has 
heightened researchers’ caution in interpreting 
what is real and what is not in the new data. A 
sighting of the Higgs boson at either energy is 
consistent with the standard model of particle 
physics, and also with its extension, known as 
supersymmetry, in which known particles are 
associated with superheavy partners that have 
yet to be found. 

The Higgs particle is a ripple in the Higgs 
field, which was proposed in 1964 by several 
scientists, including British physicist Peter 
Higgs, to explain why the W and Z bosons, 
which transmit the weak nuclear force, have 
mass, whereas the photon, which carries the 
electromagnetic force, does not. Tom Kibble of 
Imperial College London, another of the theo- 
rists to have proposed the Higgs mechanism, 
says that, over the years, the focus has gradu- 
ally moved from the Higgs field to spotting the 
Higgs particle, because all other aspects of the 
standard model have been observed in parti- 
cle accelerators. “The only thing missing is the 
Higgs boson,’ Kibble says. 

Even if confirmed as an initial sighting of the 
Higgs particle, the 125-GeV result will leave 
many questions unanswered. The processes of 
production and decay of the Higgs particle still 
need to be carefully defined to help to inform 
theories beyond the standard model. Such 
theories would ideally answer long-standing 
questions such as why the known particles 


have the masses they 

do and why gravityis “Thereisan 

so much weaker than eyeess of events 
other forces of nature. comp atible with 
The latter puzzle is the hypothesis 
one that supersym-  thatit could be 
metry is intended to aHi ges. ” 


solve. 

More data will be 
needed to establish the existence of the Higgs 
with confidence. Thus far, the ATLAS and CMS 
experiments have each detected the results of 
some 500 trillion proton—proton collisions. 
Spokespeople say that both experiments should 
have gathered four times as much data by the 
end of 2012. “Next year’s data should answer 
it without question,” says Bill Murray of the 
Rutherford Appleton Laboratory near Oxford, 
UK, who is leading the ATLAS search for the 
Higgs. Soon enough it will be clear whether this 
week's hints amount to a seductive mirage or a 
true glimmer of the LHC’s quarry. = 
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ASTROPHYSICS 


Super-Earths give theorists 
a super headache 


An abundance of medium-sized worlds is challenging planet-formation models. 


BY ERIC HAND 


y now, it’s not surprising that NASA‘s 
Be space telescope is turning up 

extrasolar planets by the bushel. Last 
week, at the first Kepler science conference 
at NASA’s Ames Research Center in Moffett 
Field, California, mission scientists announced 
that the space telescope has identified 2,326 
candidate planets, nearly doubling its haul 
since February. 

But what has puzzled observers and theo- 
rists so far is the high proportion of planets 
— roughly one-third to one-half — that are 
bigger than Earth but smaller than Neptune. 
These ‘super-Earths’ are emerging as a new 
category of planet — and they could be the 
most numerous of all (see ‘Super-Earths ris- 
ing’). Their very existence upsets conventional 
models of planetary formation and, further- 
more, most of them are in tight orbits around 
their host star, precisely where the modellers 
say they shouldn't be. 

“It poses a challenge,’ says Douglas Lin, a 
planet-formation modeller and director of the 
Kavli Institute for Astronomy and Astrophys- 
ics at Peking University in Beijing, China. “You 
can't just tweak the parameters. You need to 
think about the physics.” 

Guided by the example of our own Solar 
System, with its distinct sets of large and small 
worlds, early planet-formation models were 
based on the notion of ‘core accretion. Dust 
swirling around a star in a protoplanetary disk 
can aggregate into small planetesimals of rock 
and ice, which collide and stick together. The 
inner part of the disk contains too little mate- 
rial for these cores to grow much bigger than 
Earth. But farther out, they can attain ten Earth 
masses or more, enough to attract a vast vol- 
ume of gas and become Jupiter-like. 

The detection, starting in 1995, of Jupiter- 
sized planets with orbits as short as a few Earth 
days contradicted these models. The theo- 
rists revised their models to allow these ‘hot 
Jupiters to form far from their star and then 
migrate in. Yet these models predicted that 
anything reaching super-Earth size should 
either become a gas giant or be swallowed by 
its star, creating a ‘planetary desert’ in this size 
range. Kepler’s discoveries wreck those predic- 
tions. “It’s a tropical rainforest, not a desert;” 
says Andrew Howard, an astronomer at the 


Planets coalesce out of dust swirling around their parent stars — but where super-Earths form is unclear. 


University of California, Berkeley. “We hope 
the theory is going to catch up.” 

Kepler measures a planet’s size by detecting 
how much light it blocks as it passes in front 
of its star. For a handful of the super-Earths 
detected by Kepler, ground-based observations 
have also determined mass, by tracking the 
wobble of the host star induced by the planet's 
gravity. And some of these super-Earths seem 
to have very low densities — indicating that 
they may have small rocky cores surrounded 
by large gas envelopes. 

Kepler astronomer Jack Lissauer, of Ames, 
thinks that they may have begun as small cores 


SUPER-EARTHS RISING 


Ground-based telescopes have detected around 
650 planets from the wobble of their parent star. 
A new class of planet — between the size of Earth 
and Neptune — has emerged precisely where 
modellers have said planets shouldn’t exist. 
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in the outer parts of their solar system, accret- 
ing a large amount of gas without reaching the 
point of runaway growth that leads to a true 
gas giant. Without the gravitational heft of a 
giant to hold in gas, sucha planet would have a 
large, low-density atmosphere, but it could still 
grow to super-Earth size by a cooling process 
that shrinks the atmosphere and allows more 
gas to be drawn in, he says. 

But that scenario may not explain smaller 
and denser super-Earths. Several such plan- 
ets have already been detected, and Kepler is 
starting to reach the sensitivity required to spot 
them, says Greg Laughlin, an astronomer at the 
University of California, Santa Cruz. “Kepler is 
just seeing the tip of the iceberg” 

Nor can any current theory explain how 
super-Earths can sit so close to their stars. Lis- 
sauer says the problem lies in the migration 
portion of the models. But Norm Murray, an 
astrophysicist at the University of Toronto, is 
exploring other ways of forming super-Earths. 
Instead of assembling them and migrating 
them towards the star, Murray’s model first 
migrates rocky planetesimals and then allows 
them to accrete. “Migration then assembly’ is 
the catchphrase,” he says. 

In any event, Laughlin says that modellers 
will probably find a way to explain the current 
observations. “They'll scramble to fix the mod- 
els” he says. But it’s probably not the last time 
they'll have to revisit their codes, he adds. “My 
prediction is that they'll completely miss the 
next big thing, whatever that will be” = 


M. GARLICK/SPL 


A SHORT CUT TO THE THIRD DIMENSION? 


Ankylography promised to elucidate three-dimensional (3D) structures from data gathered on a curved, two-dimensional (2D) surface. 
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Three-dimensional 
technique on trial 


Critics take a hard look at ankylography, a proposed method 
for revealing molecular structures from single pictures. 


BY EUGENIE SAMUEL REICH 


three-dimensional model from a single 

two-dimensional photograph. That is the 
promise of ankylography', a technique that, 
according to its creators, could reveal the 
structure of scientifically important subjects 
such as complex proteins that can be glimpsed 
only once before they are destroyed by the 
high-powered lasers used to image them. 

But rather than sparking a revolution in 
imaging, the idea has raised objections from 
researchers who say that it amounts to pull- 
ing a three-dimensional rabbit out of a two- 
dimensional hat. Now, critics have weighed in 
with two technical comments”, putting anky- 
lographers on the defensive. 

“The imaging principles and proposed 
methodology of ankylography are flawed, 
bringing into question its applications,” one 
group of commenters writes’. 

Ankylography was developed by John Miao, 
a physicist at the University of California, Los 
Angeles, and his colleagues. It uses the spherical 
wavefront formed when radiation scatters offan 
object (see ‘A short cut to the third dimension?’). 
Most current imaging technologies assume that 
this wavefront is roughly flat where it meets the 
imaging detector — a reasonable assumption 
for a detector that intercepts only a very small 
fraction of the sphere. Miao and his colleagues 
collected waves across a larger angle, from dif- 
ferent depths of the object. They argued that this 


[ee developing a detailed and accurate 


larger sample could be reconstructed into an 
accurate three-dimensional (3D) image using 
only very basic assumptions. They derived the 
name of their technique from the Greek ankylos, 
or curved, and graphein, or ‘writing: 

“The claim is amazingly attractive, to take 
a single projection and do three-dimensional 
reconstruction,” says Ge Wang, a biomedical 
imager at the Virginia Polytechnic Institute 
and State University in Blacksburg, and an 
author of one of the critical comments’. 

Ankylography seemed to be a boon for an 
emerging X-ray technology called diffract and 
destroy, which would use X-ray lasers — online 
or under construction at around a dozen sites 
worldwide — to take images of objects using a 
dose of radiation high enough to destroy them, 
forming an image from the X-rays scattered 
in the few dozen femtoseconds (107° seconds) 
before the object explodes. The ideal applica- 
tion would be imaging biological samples such 
as proteins, viruses, cells or tissue that are very 
sensitive to radiation. Ankylography would 
allow researchers to extrapolate 3D structures. 

Despite the appeal of ankylography, many 
researchers were perplexed by what they see as 
a violation of the basic physical principle that 
you cannot get complete, 3D information from 
a single flat picture. In particular, the picture 
will provide incomplete information about 
the interior of a subject, and critics argue that 
many possible 3D structures could generate 
the same image. Pierre Thibault, a physicist at 
the Technical University of Munich in Germany, 
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3 This is used to decode the 3D structure of 
the original sample — a macromolecule. 


who challenged Miao’ work even before it was 
published’, explains that the curvature of the 
wave scattered from an object contains some 
3D information, like the blurriness produced 
by a camera with a limited depth of field, but 
not enough to build up an accurate 3D image. 

Miao is unable to comment, because a 
response to the criticism is still under review. 
However, his research group has placed all the 
computer code used to make his ankylographic 
reconstructions on a website so that others can 
test it (go.nature.com/gd6dvo). Miao has since 
made clear that the technique does not work on 
objects larger than 15 x 15 x 15 volume pixels, a 
size dependent on the resolution of the imaging 
technology.‘I can't think of any object that exists 
in nature that we care about that it would work 
for; says Stefano Marchesini, a physicist at Law- 
rence Berkeley National Laboratory in Berkeley, 
California, who has analysed ankylography. 

Even if ankylography can be made to work 
for objects larger than the current range, it 
is likely that more than one image would be 
needed to generate a high enough signal-to- 
noise ratio to see fine detail, says John Spence, 
an expert in diffract-and-destroy imaging at 
Arizona State University in Tempe. 

Without ankylography, X-ray lasers can still 
be used to take two-dimensional snapshots of a 
series of subjects from various angles, building 
up an average 3D image. This would work for 
identical objects such as viruses or proteins, but 
not for dissimilar objects such as cells. 

Felipe Maia, a physicist at Lawrence Berke- 
ley, says that the ankylography controversy has 
triggered a useful discussion about the limita- 
tions of 3D imaging. Wang agrees; he has been 
inspired to propose an alternative technique’, 
in which waves of different energies are col- 
lected and used to derive some of the 3D infor- 
mation that a flat image lacks. “There’s been 
some positive influence,” he says. m 
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Europe appoints science adviser 


Scottish cell biologist Anne Glover hopes to influence EU policy-making. 


BY NATASHA GILBERT IN BRUSSELS 


he dearth of independent, sound 

| scientific advice in European policy- 

making provokes endless complaints 

from science advocates, who blame it for the 

continent’s wrangling over charged issues 

such as genetically modified crops and nano- 
technology. 

They might finally have a saviour, in the 
person of Anne Glover, a Scottish molecular 
and cell biologist, who was named last week as 
Europe’s first chief scientific adviser. 

More than two years after pledging to 
create the post, José Manuel Barroso, the 
president of the European Commission, offi- 
cially announced Glover’s appointment on 
5 December. He also outlined her role, ending 
long-standing speculation about the extent 
of the job’s remit. Nature first reported that 
Glover had won the job on 21 November (see 
Nature http://doi.org/g8k; 2011). 

“I have long pressed for the creation of a 
high-level scientific adviser at the heart of the 
European Commission, which is key to ensur- 
ing that development and implementation of 
EU policy and legislation are underpinned by 
arobust evidence base,’ says John Beddington, 
the United Kingdom's chief scientific adviser. 

Glover, who was not available for interview, 
spent most of her academic career at the Uni- 
versity of Aberdeen, UK, studying microbial 


a. 


Anne Glover, Europe’s first chief scientific adviser. 


diversity and how organisms respond to stress 
at a cellular level. She has served as chief sci- 
entific adviser to Scotland’s government since 
2006, and will leave the job on 21 December 
before beginning her new life in Brussels in 
the new year. 

Glover will report directly to Barroso, pro- 
viding him with advice on policy proposals, 
and guidance on interpreting uncertainty 
in scientific evidence. She will also have a 
key role in strategic planning for emergen- 
cies — such as the Escherichia coli outbreak 
that swept across Europe this year — and 


providing updates on scientific advances and 
novel technologies. Another key role will be to 
communicate science to the public, particu- 
larly the benefits and risks of new technologies. 

Glover will have an office in the Berlay- 
mont building in Brussels, where Barroso 
works, putting her at the heart of European 
policy-making. Her position will be at a high 
managerial level in the European Commis- 
sion, equivalent to a director-general, which 
other science advisers believe will give her the 
independence and authority to succeed. 

The Bureau of European Policy Advisers 
will provide Glover with administrative sup- 
port. But it is still uncertain whether she will 
have her own team of scientists to support 
her. Nor is it clear what her relationship will 
be with other existing Brussels-based com- 
mission advisory groups, such as the Euro- 
pean Research Area Board — which advises 
on research policy — and the Joint Research 
Centre, a collection of seven research institutes 
carrying out research relevant to policy. 

Ultimately, Glover’s success will depend on 
having “direct access to the relevant science 
policy-makers’, says Robert May, a former 
chief scientific adviser to the UK government. 
“She must have the authority to speak the 
truth, never twisting the science to suit politi- 
cal expedience, but also recognize that policy 
needs will sometimes override what you think 
as a scientist.” = 
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Rhapsody for Hungarian science 


Major reforms and extra funding will help free country’s researchers from communist legacy. 


BY QUIRIN SCHIERMEIER 


ith a shake-up of its national 
academy and a major boost 
in research funding next year, 


Hungary hopes to regain its long-lost status 
as a scientific powerhouse in central Europe. 
The Hungarian Academy of Sciences domi- 
nates the country’s research scene. Like most 
of its counterparts in the formerly communist 
countries in central and eastern Europe, it is a 
cross between a distinguished learned society 
and an operational research organization, sup- 
porting research at universities and employing 
around 2,800 scientists at 40 research units. 


The country has an eminent scientific past, 
boasting a string of Hungarian-born Nobel 
prizewinners in the twentieth century. But 
today its funding and scientific output lag 
behind those of many other European nations. 

“Many of our present institutes have a mun- 
dane office air about them when they should be 
inspiring academic hubs,’ says Jozsef Palinkas, 
the academy's president, who has campaigned 
vigorously for the changes since his re-election 
in May. “Without more pronounced teamwork 
and competition we will lose our foothold in 
the world’s scientific community.” 

Ata special general assembly held last week 
in Budapest, three-quarters of members with 


voting rights approved a plan to reorganize 
the academy into ten large multidisciplinary 
research centres. These will have revised 
research agendas, modernized management 
structures and international advisory boards 
that regularly review operations. Five remain- 
ing institutes, including the prestigious Institute 
of Experimental Medicine in Budapest, will 
remain separate and keep their existing remits. 

Scientists formerly working in isolated insti- 
tutes will be brought together to pursue more 
collaborative research at the new centres, which 
will cover disciplines including photonics and 
particle physics, astronomy and the Earth 
sciences, chemistry and materials research, 
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ecology, energy research, and the humanities. 
Two vacated buildings will be sold and the rev- 
enues invested in improving other institutes. 
On 19 December, Palinkas will appoint interim 
directors of the new centres, before the posi- 
tions are advertised internationally next year. 

During communist times, the institutes were 
organized along Soviet lines — controlled by 
an exclusive circle of academicians and funded 
directly by the state, with no competitive grants 
or external review of research agendas. The new 
structure is inspired by Western research organ- 
izations such as Germany's Max Planck Society, 
Palinkas says, where principal investigators vie 
for grants in a highly competitive system. 

“There are some people here who have 
a strong dislike of change of any type,” says 
Tamas Vicsek, a biophysicist at the E6tvés 
Lorand University in Budapest who oversees 
one of some 140 academy-funded university 
research groups. “But the new generation of 
Hungarian scientists is eager to see improve- 
ments in how research is operated in this 
country — and I totally agree with them that 
this is what we need.” 


Vicsek, who won a 


> NATURE.COM European Research 
For more on the Council advanced grant 
progressofsciencein in 2008 for his work on 
eastern Europe see: collective cell motion, 
go.nature.com/kyvipy says that he is looking 


GROWTH SPURT 


The Hungarian Scientific Research Fund, the 
country’s main research granting agency, expects 
a budget increase of more than 40% next year. 
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forward to collaborating with the academy's 
multidisciplinary centre for natural sciences, 
which will be based at his university's campus in 
a laboratory facility currently under construc- 
tion. “I'm always in favour of putting biology 
next to physics,” he says. “It’s a big improvement 
and it will certainly facilitate joint research” 
Science advocates have also secured the first 
notable increase in government funding in 
almost a decade. In 2012, the government will 
increase its funding to the academy by more 
than 20%, from Ft35 billion (US$152 mil- 
lion) to Ft43 billion. This includes a more than 


doubled contribution of Ft2.5 billion for a pro- 
gramme created in 2009 to help young scientists 
set up independent research groups in Hun- 
gary. Because Prime Minister Viktor Orban is 
eager to break with the weak institutions of the 
post-communist era, insiders say that moderni- 
zation of the academy wasa prerequisite for the 
funding boost. 

The extra money will enable the new centres 
to hire some 200 young group leaders and sen- 
ior scientists next year, says Palinkas. Moreover, 
Ft2.3 billion will be spent on urgently needed 
research equipment next year, and the budget 
of the Hungarian Scientific Research Fund, 
Hungary’s main grant-giving agency for basic 
research, will rise from Ft5.4 billion to around 
Ft8 billion (see ‘Growth spurt’). 

The changes are set to bring Hungarian 
science capacity closer to that of neighbouring 
eastern European Union member states such 
as Slovenia and the Czech Republic. But to 
capitalize on the changes, Hungary must also 
revamp its inefficient patent system and other 
bureaucratic hurdles to innovation, says Balazs 
Gulyas, a Hungarian neurobiologist at the 
Karolinska Institute in Stockholm, who is also 
executive director of the World Science Forum, 
a biannual science policy conference held in 
Budapest. “The academy changes were abso- 
lutely necessary, but they are only a first step,” 
Gulyas says. 
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he 90-kilometre drive 
starts in the sheep-ranch- 
ing town of Carnarvon in 
western South Africa, and 
runs northwest through 
the semi-desert plains of 
the Karoo, where the only 
sign of human settlement is an occasional 
sheep farm. But as the road begins to pass 
north of the flat hills of the Losberg moun- 
tains, it suddenly comes upon seven huge 
white radio dishes. 

This is the Karoo Array Telescope (KAT-7), 
a government-funded facility sheltered by dis- 
tance and the Losberg from human-generated 
radio interference. Commissioned just this 
year, KAT-7 is both an operational radio tele- 
scope and a prototype for the much more ambi- 
tious MeerKAT project, a 64-antenna array that 
will be the largest radio-astronomy facility in 
the Southern Hemisphere when it is completed 
at this site in 2018. But KAT-7 also symbolizes 
an even bigger ambition: South Africa hopes 
that by 2024, this remote expanse will be the 
centre of a radio facility spanning the continent. 

The Square Kilometre Array (SKA) — named 
after the total collecting area of its 3,000 or so 
antennas — would be by far the largest radio 
telescope ever built (see “The biggest array’), and 
would need international funding to cover its 
estimated US$2.1-billion cost. It would allow 
astronomers to see how primordial gas formed 
the first stars and galaxies; how mysterious ‘dark 
energy has shaped galactic clusters; and how 
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BY MICHAEL CHERRY 


The MeerKAT telescope in South Africa, seen here in an artist’s 
impression, will bé.a prototype for the vast Square Kilometre Array. 


SOUTH AFRICA IS VYING FIERCELY WITH AUSTRALIA 
TO HOST A GIANT RADIO TELESCOPE THAT MAY 
NEVER BE BUILT — BUT THE COMPETITION ITSELF 
IS CHANGING THE COUNTRY’S SCIENCE LANDSCAPE. 


Earth-like planets form around young stars. It 
might even allow researchers to eavesdrop on 
the faint radio emissions of extraterrestrial life. 

Or maybe not: South Africa’s quest faces 
long odds. The most immediate hurdle is a 
fierce competition with Australia to host the 
facility. The two nations submitted their sealed 
bids in September to the international SKA 
Program Development Office at the University 
of Manchester, UK, and a decision is expected 
by March 2012. 


REAL BIG DISH 

A more serious question is whether the SKA will 
be built at all. Getting cash-strapped govern- 
ments to invest in radio astronomy is a daunt- 
ing prospect in the current economic climate. 
And even more daunting is the computational 
challenge: the number of calculations required 
to correlate the antennas’ radio signals and 
forge them into a single image increases mas- 
sively with the number of dishes. The full-scale 
SKA would need thousands of times more pro- 
cessing power than is currently available in the 
fastest supercomputers — a big reason why US 
researchers didn’t rank the SKA when drawing 
up astronomy priorities last year’. 
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“Tt is not clear that the technology for the 
required correlators is in hand, or even over the 
horizon,’ says Adam Burrows, vice-chairman 
of the US National Research Council's space- 
studies board. “It just may require another 
decade to establish a credible financial and tech- 
nological plan for such a massive undertaking” 

But the SKA’s proponents in South Africa are 
undeterred. The act of competing has given the 
country’s astronomy programme a major boost 
and, they argue, could do the same for science 
and technology across the board. “By giving the 
country a major opportunity to raise its level, 
and to inspire and train a new generation, the 
SKA could represent a new dawn for science in 
Africa,’ says Roy Maartens, a cosmologist at the 
University of the Western Cape in Cape Town. 

The prospect of an astronomy renaissance 
was a big draw for Bernard Fanaroff, the direc- 
tor of South Africa’s SKA effort. A radio astron- 
omer by training, Fanaroff left academia in the 
1970s to pursue racial and economic justice in 
South Africa — first with the country’s nascent 
trade-union movement, and then as a senior 
civil servant in the reconstruction and devel- 
opment programme of the first post-apartheid 
government. After leaving government in 


SKA SOUTH AFRICA 


the early 2000s, Fanaroff seized on the SKA’ 
potential for inspiration as yet another way to 
pursue change. 

International planning had been under way 
for a decade by that point. But the country still 
had a fighting chance. All of the site-selection 
criteria, starting with the need for a good 
view of the centre of our Galaxy, favoured the 
Southern Hemisphere. 

Fanaroff soon found an ally in Rob Adam, 
then director-general of the South Africa 
Department of Science and Technology. Adam 
wanted to address the chronic lack of maths 
and science skills in the black majority of the 
country’s population — a legacy of both apart- 
heid and a stagnant education system. And he 
believed that high-profile science projects such 
as the SKA were the best way to excite young 
people and draw them into research’. 


BIDDING WAR 
With Adam's backing, Fanaroff prepared a bid 
for the SKA and submitted it in 2004. Bids also 
came in from Australia, China and Argen- 
tina. But only when the field was narrowed to 
South Africa and Australia in 2006 did the race 
really begin. Ever since, the two countries have 
chased the SKA with as much fervour as they 
strive against each other in cricket and rugby. 
In 2007, for example, Australia vowed to 
build the Australian SKA Pathfinder (ASKAP) 
at its proposed site near Murchison, in the arid 
west of the country. The 36-dish facility would 
demonstrate antenna designs and other tech- 
nologies, and together with associated infra- 
structure and human-capacity development 
would cost an estimated US$490 million (ref. 3). 
In 2008, despite the global recession, South 


THE 
BIGGEST 
ARRAY 


South Africa's plan for the 
Square Kilometre Array 
(SKA) calls for some 
3,000 antennas spaced 
over half the continent. 


Africa countered with a commitment to its own 
pathfinder, MeerKAT. (The name refers to meer, 
Afrikaans for ‘more; as well as to a famously 
photogenic mammal found in the Karoo.) 

The $275-million estimated cost of the South 
African scheme represents the country’s largest- 
ever investment in a pure-science project — and 
a source of major irritation for researchers in 
more tightly funded disciplines*. But officials 
say that the project is good for economic devel- 
opment: not only were MeerKAT’s antennas 
designed by Land Systems Dynamics, a sub- 
sidiary of British Aerospace Engineering based 
in Pretoria, but they will be manufactured and 
assembled mainly in South Africa. 

The ruling government, which was elected 
in 2009, is determined to protect the bid. This 
year, when oil company Shell applied to drill 
for natural gas just south of the MeerKAT site, 
for example, Naledi Pandor, the science and 
technology minister, made it clear that she 
would invoke the country’s Astronomy Geo- 
graphic Advantage Act to block interference 
with the array, whether it came from radio 
activity or seismic disturbances’. 

Pandor has also moved to resolve a major 
embarrassment: last year’s suspension and 
subsequent exoneration of Phil Charles, then 
director of the South African Astronomical 
Observatory in Cape Town, who had tangled 
with his bosses in the National Research Foun- 
dation for reasons that are still unclear®. The 
incident left many South African astronomers 
mistrustful of the foundation. In October, Pan- 
dor announced that control of the country’s 
astronomical facilities would eventually be 
taken from the agency and vested in a new 
organization. 


= The outer antennas will form a 
| rough spiral pattern designed & 
* to maximize the fidelity of the Ss 
array's combined image. 


¢ 
a | Most of the antennas 
would be clustered in 
the Karoo, around the 
SKA core, where the 
prototype KAT-7 is 
almost complete. 
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The South African and Australian bids for 
the SKA are being evaluated this month by a 
site advisory committee. The committee's rec- 
ommendation will be sent to the directors of 
the SKA organization before its final decision. 


DOWN TO THE WIRE 

It could be a close call. Radio interference is 
minimal at both sites, and other observing 
conditions are equivalent, so the SKA direc- 
tors will have to look at other criteria, such as 
antenna design. The technical differences boil 
down to a trade-off, says Tony Foley, head of 
science operations at MeerKAT. “The Austral- 
ians can catch a larger patch of sky” at any one 
time, he says, “whereas we are operating at 
higher sensitivity” — meaning that the South 
African antennas will look farther into the 
Universe with a shorter observation time. 

Another factor will be the strength of the 
host country’s astronomy community. Aus- 
tralia has a longer and stronger tradition of 
radio astronomy, but South Africa has poured 
money into closing the gap. The country’s ros- 
ter of radio astronomers currently numbers 
about 65, many of whom have moved from 
elsewhere during the past decade. 

Then there is what some see as the moral 
imperative. “There is a need for the first world 
to help the third world build up science,’ says 
George Ellis, a cosmologist at the University 
of Cape Town. “This is an ideal opportunity,” 

How the international SKA organization 
will weigh these factors is hard to predict. 
But astronomy isn’t rugby; it could be that 
both sides will win. In July, recognizing the 
bleak prospects for international funding 
and the computational challenges, European 
astronomers proposed a cheaper alternative: 
fund modest expansions of both ASKAP and 
MeerKAT, then combine their signals as if they 
were a single instrument. The combined array 
wouldn't have nearly the same sensitivity to 
very faint signals as the full-scale SKA. But it 
may well be the most realistic option. 

Win, lose or draw, the competition has 
already given South Africa a symbol of national 
unity. From government officials to cab drivers, 
everyone there seems to know about the SKA. 
The Department of Science and Technology 
sponsors a monthly performing-arts festival in 
support of the bid. And South Africa’s finan- 
cial daily, Business Day, often runs front-page 
advertisements sponsored by the SKA project, 
featuring a full-colour photo of the KAT-7 
antennas with the boastful headline: “South 
Africa is ready to host the SKA.” = 


Michael Cherry is Nature’s contributing 
correspondent in South Africa. 
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The cell 
division 


Oliver Brtistle fought for 
more than a decade to 
pursue and patent human 
embryonic stem-cell 
research in Germany. Now 
his efforts have backfired. 


BY ALISON ABBOTT 


the European Court of Justice, on the morning of 18 October 2011. 

But German neuroscientist Oliver Briistle wasn’t sweating when 
the 13 judges entered the court room in their flowing crimson robes. 
Not, that is, until they delivered their verdict, which spelt the end of his 
lengthy fight to defend his patent on human embryonic stem (ES) cells 
from attack by Greenpeace. 

It took barely two minutes for the court’s president to summarize 
aloud the four pages of the judgment. The ruling, which cannot be 
appealed, upheld Greenpeace’s position. It declared that any patent 
depending even indirectly on human ES-cell lines is outlawed on moral 
grounds throughout the European Union (EU). Unexpectedly, it added 
that any research using such cell lines was similarly immoral. 

For afew moments Briistle was so shocked he could barely draw breath. 
Outside, the clouds burst and rain poured down. “What hurt most per- 
sonally was the accusation that scientists who work on human ES-cell 
lines are somehow immoral,’ says Briistle, who says he never doubted that 
he would win the case. “But now I accept it’s the end of the road.” 

That road has been a long and twisted one for Bristle, one of Europe's 
leading stem-cell researchers, based at the University of Bonn in Ger- 
many. Germany is a scientific powerhouse, but it has always been slow 
to accept any form of new genetic technology. Long before the patent 
battle, Bristle was fighting to pursue research using human ES cells 
— which can differentiate into many types of mature cell — while the 
German government vacillated about its legitimacy. 

The latest dispute centred on the ethics of patenting discoveries that 
stem from the use of human embryos. Briistle argued that patenting was 
crucial because, without it, industry would not be interested in pursuing 
what he saw as potentially life-saving therapies. And whereas some peo- 
ple charge that patenting could actually impede research, Bristle argues 
that patents held by academics are normally free for other researchers 
to use. Briistle admits his battles were lonely, and took their toll on him 


I: was overcast and unseasonably sultry in Luxembourg, home to 
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and his family, who at one time even found themselves under police 
protection. Yet he says that he never once considered pulling out. “T just 
didn’t think it right that an environmental organization, rather than a 
government, should define research agendas,’ he says. 

Briistle’s single-mindedness is not a reflection of an aggressive 
personality: his aura is calm, not domineering. “I think he’s just been 
driven — rightly — by strong scientific convictions,” says stem-cell biol- 
ogist Elena Cattaneo at the University of Milan, Italy, who has worked 
with him as part of scientific networks funded by the European Com- 
mission. “Oliver has been an important figure in the ethical debate and 
he deserves a lot of credit,” adds Ronald McKay, a stem-cell researcher 
at the Lieber Institute for Brain Development in Baltimore, Maryland, 
and a former mentor of Briistle’s. 

The reality, however, is that although those convictions have helped 
to further human ES-cell work in Germany a little, only a handful of 
research groups have ever tried to work with such cell lines. And Briis- 
tle's patent fight may now have backfired, because the new ruling could 
hinder researchers working on human ES cells throughout Europe. By 
declaring such research to be immoral, many fear, the court ruling could 
prompt funding agencies to stop funding it — and it certainly means that 
no patent, foreign or home-grown, that involves human ES cells can be 
defended in Europe. Even Christoph Then, an equally driven one-man 
crusader against biopatenting who spearheaded Greenpeace’s campaign, 
expressed surprise at the court's wide-reaching condemnation of human 
ES-cell research. “T don’t think anyone has the moral right to patent any 
sort of life, so this is a happy victory for us,’ he says. “But our intention 

was never to stop basic research in the area.” 


> NATURE.COM “It’s easy, in hindsight, to question ifI was right to 
To listen to Nature's take the patent fight so far; Briistle says now, “and 
podcast on the I'm sorry that there has been collateral damage for 
patent debate, visit: my colleagues in other countries.” But, he adds, he 
go.nature.com/bx7pmt © would do exactly the same ifhe had his time again. 
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LIFE & BRAIN CENTER 


P, LANGROCK/ZENIT/GREENPEACE 


After Oliver Briistle was granted a patent for his work on human embryonic stem cells, Greenpeace pushed to ‘stop the patenting of life’. 


“No one could have predicted that what started with a goal to have more 
liberal rules in Germany would have made Europe ultra-restrictive” 

As a medical student at the University of Ulm in southern Germany, 
Briistle fell in love with the brain. He set a career trajectory to becomea 
neurosurgeon, but in the early months of his residency at the University 
of Erlangen, he felt the irresistible draw of research. “I wanted to do 
more than just remove brain tumours,” he says. “I wanted to find out 
how brain disease could be avoided.” 

He interrupted his residency in 1993 for a research break in McKay’s 
lab at the National Institute for Neurological Disorders and Stroke in 
Bethesda, Maryland. There he studied how human fetal brain cells 
behaved after they were grafted into the brains of embryonic rats’. “We 
joked in the lab that we wanted to see if it would be the American way 
of adapting to a new environment or the European way of not adapting,” 
he recalls. The cells adapted. 

When, in the mid-1990s, several research groups developed 
procedures for turning mouse ES cells into heart cells using a cocktail 
of growth factors, Briistle adapted the method to generate neural cells’. 
“Suddenly, stem-cell biology was at a point where reconstructive therapy 
was not just a pipe dream,” he says. Briistle wanted to be part of the 
global research effort that would realize it. 

Like his stem cells, Bristle had adapted well to his new home, but he 
began thinking about returning to Germany to establish an independent 
scientific career. He was drawn by the newly dynamized research environ- 
ment, where scientists were being strongly encouraged by universities and 
the government to think about how their basic research could be commer- 
cialized or otherwise put to use for the public good. Patenting in particular 
was being encouraged. “Newspaper articles had been saying that German 
scientists were too stupid to patent, unlike American scientists who were 
helping the US economy — it was a constant lament,’ Bristle recalls. 

He returned to Bonn in September 1997, and shortly thereafter 
submitted his fateful patent on procedures for generating neural 


precursors from ES cells to the German Patent Office. It was based on 
his mouse work, but its claims covered most species, including primates, 
both non-human and human. He thought that a method to derive end- 
less neural precursors would be bound to prove useful in medicine. “I 
wasn't thinking in concrete terms about commercialization,’ he says. “I 
just had an idea that a company might want to license it at some point and 
that would help translation to the clinic.” The patent was granted in 1999. 

The year before, James Thomson, then at the University of Wisconsin- 
Madison, reported his team’s success in generating the first stem-cell 
lines from human embryos’. Like many scientists, Briistle was keen to 
get hold of the cell lines and translate his animal work to humans. Know- 
ing that Thomson had been swamped with requests for collaboration, 
he simply booked a flight to Madison. “I told Jamie I would just stay in 
the hotel until he had time to meet me and talk about research we could 
do together.” They met, and hatched a plan to work together on ways to 
generate neural precursor cells from Thomson's new cell lines. 

For Bristle, this decision also marked the start of his fight for 
acceptance of human ES-cell work in Germany. He put together a grant 
application to work on the methods he had devised with Thomson, and 
in August 2000 submitted it to the DFG, Germany’s main university 
granting agency. “I had a gut feeling though that its passage may not 
be smooth,’ says Briistle. “It just wasn’t clear whether the DFG would 
be allowed to fund such work? The country’s 1990 Embryo Protection 
Act forbids research on human embryos but does not refer to research 
on established ES-cell lines, which didn’t exist when it was written. In 
1999, the DFG stated that a ‘societal debate’ was needed on the issue and 
in the meantime it would fund just adult stem-cell research. Briistle’s 
application was a direct challenge to this stance. 

Briistle, who is a practising Catholic, had thought hard about his own 
moral position. He disagrees with the creation of haman embryos specif- 
ically for research. But almost all human ES-cell lines have been derived 
from embryos leftover from fertility treatment that would otherwise 


15 DECEMBER 2011 | VOL 480 | NATURE | 311 


© 2011 Macmillan Publishers Limited. All rights reserved 


| NEWS FEATURE 


have been destroyed. Briistle maintains that using them for biomedical 
research rather than discarding them is the moral imperative. 
Ernst-Ludwig Winnacker, a biochemist and then-president of the 
DFG, decided that Briistle’s application should be peer reviewed. It was 
highly rated. In May 2001, the DFG opined that human ES-cell research 
on imported cell lines was legal, morally justified and scientifically nec- 
essary. It was ready to fund Briistle. This was a point of explosion. 
Within days the government intervened, asking the DFG to defer giv- 
ing Briistle his grant to allow more societal debate. That 
debate, which grew progressively hotter, took the form of 
local and national panel discussions, newspaper articles 
and parliamentary hearings. Some sections of the media, 
the churches and other groups attacked Briistle — and, in 
turn, Briistle appeared in newspapers and television shows 
to state his case. His four children had to deal with remarks 
from schoolmates. “It was a very stressful time,” he says. 
Elsewhere, other countries were devising their own 
solutions, amid similarly polarized debates. Some con- 
servative governments, such as Ireland’s, do not allow 
any human ES-cell research. Bolder ones have been more 
permissive: in the United Kingdom, for example, the gov- 
ernment decided to allow new human ES-cell lines to be 
derived from spare embryos, and in some cases to allow human embryos 
to be created for research purposes. In the end, the German government 
fudged the decision. On 30 January 2002, it passed a law that forbade pro- 
jects involving newly derived lines but allowed research on cell lines that 
existed before a specific date. That same year, Briistle finally got his grant. 


MORAL CHALLENGES 

The small victory didn’t stop the debate. Some groups argued 
vehemently that the use of any human ES-cell lines was wrong. Briistle 
became such a target of vitriol that undercover police officers had to 
mingle with the audience at his talks. 

Given the climate, Bristle was not particularly surprised when 
Greenpeace challenged his patent in 2005. The organization invoked 
the ‘ordre public’ clause in the EU’s Directive on the Legal Protection 
of Biotechnological Inventions, to which all national patent law must 
defer. The directive states that inventions whose commercial use could 
lead to a breach of morality cannot be patented, and uses the commer- 
cialization of the human embryo as an example. 

A year later, Briistle arrived at the Federal Patent Court in Munich 
in an armoured limousine with three police escorts. The judge found 
in favour of Greenpeace and ordered claims for human ES-cell lines to 
be removed from his patent. Still, Briistle was certain that he would be 
able to overturn the decision on appeal. 

What actually ensued, however, was a series of court setbacks and 
delays. When the Federal Patent Court ruled against Briistle on appeal, 
he took the case to the country’s Supreme Court. Ata hearing in Novem- 
ber 2009, the Supreme Court seemed to accept Briistle’s arguments, but, 
before making its final ruling, decided to refer the case to the European 
Court of Justice to clarify ambiguous points of patent law regarding the 
definition and potential commercial use of human embryos and stem 
cells derived from them. At that stage, even Greenpeace’s Christoph 
Then told the press that he thought his case was lost. 

It wasn't. In March 2011, Judge Yves Bot, who was responsible for 
working the case, delivered his preliminary opinion for the European 
court. He argued that an invention that had involved destruction of an 
embryo would be immoral. 

Bristle was still confident that the Grand Chamber, which comprises 
all 13 judges, would rule the other way. He had read the statements pro- 
vided by the European Commission and many of the EU member states. 
None of them — even from the most conservative of countries — asked 
for patents based on human ES-cell lines to be outlawed. 

When the Grand Chamber ruled in October, however, there was no 
place for more optimism. The judges took the preliminary ruling further, 
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“HOW CANA 
EUROPEAN 
COURT RULE 
IMMORAL WHAT 
NATIONAL 
GOVERNMENTS 
HAVE 
ALLOWED?” 


making it clear that even inventions that indirectly involved destruction 
of an embryo were immoral and could not be patented. Bristle walked 
from the courtroom into a swarm of journalists, and spent the next five 
hours telling them why he thought the judgment was wrong. “How can 
a European court rule immoral what national governments have allowed 
and which national research agencies have funded?” He then drove the 
two hours home, he says, “too exhausted to feel anything”. 

Elsewhere, the response to the ruling was muted. German scientific 
organizations remained silent — although they eventu- 
ally published a joint statement condemning the judg- 
ment on 7 December. “I was quite shocked that no one 
spoke up after the judgment,’ says Winnacker, who is 
now head of the international Human Frontier Science 
Programme based in Strasbourg, France. 

A handful of patent lawyers, companies and scientists 
in other countries pronounced that patents were not so 
important anyway and that clarity in the matter has its 
own advantages. “Industry also wanted clarity, even if 
that result was tough,” says Johan Hyllner, chief executive 
of Cellartis in Gothenburg, Sweden, which derives cell 
lines from human ES-cell lines for drug discovery. “Now 
we know how to proceed and we can always choose to 
keep trade secrets instead of patenting.” 

But Bristle and some other stem-cell scientists and legal experts view 
those pronouncements as an effort to play down the damage. “Many 
were afraid that investors or funding agencies would pull out of the 
area,’ says stem-cell researcher Christine Mummery at Leiden Univer- 
sity Medical Centre in the Netherlands. 

Since the ruling, scientists and funding agencies across Europe have 
been trying to analyse its impact. Ifacademic scientists using human ES 
cells want to found a biotechnology start-up company, they'll now find 
it hard, admits Hyllner. “Venture capitalists like to see a strong patent 
portfolio, and this won't be possible in Europe now’ And there are hints 
that research organizations are getting cold feet about funding the work. 
On 23 November, the European Parliament's official cross-party work- 
ing group on bioethics urged zero funding of human ES-cell work in the 
next multi-billion-euro EU framework research programme, Horizon 
2020, on the grounds that the work is now legally challengeable. But a 
week later, Europe's research commissioner Maire Geoghegan-Quinn 
said that she wanted to continue funding such research. Scientists expect 
a fight to ensue. 

Through all this, Bristle says that colleagues using human ES cells 
have been supportive. No one has publicly expressed regret that Briistle 
pushed his case so far. 

Briistle is taking a break from battle, however. Methods for repro- 
gramming adult cells to make stem cells capable of differentiating into 
many cell types look encouraging, he says, and his own lab now spends 
80% of its time in this area. Last month, he published a paper* show- 
ing how his team reprogrammed skin cells taken from patients with 
Machado-Joseph disease into such ‘induced pluripotent’ stem cells, 
work that helps explain how the rare disorder attacks neurons. “But we 
dontt yet know if those induced pluripotent cells will work as well — we 
still need to use human ES cells in research,’ he says. 

On reflection, Briistle says, the thing he just can’t understand is that 
the tough decision on human ES-cell research and patenting has not 
been made through reasoned debate by law- and policy-makers, as 
it has in many other countries. “It’s been made instead by a struggle 
between a single researcher and an environmental organization: was 
that quite right?” m SEE EDITORIAL P. 291 


Alison Abbott is Nature’ senior European correspondent. 
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Exactly how much damage the Fukushima Daiichi nuclear plant sustained as a result of the 11 March earthquake and tsunami remains to be determined. 


Nationalize the Fukushima 
Daiichi atomic plant 


Only by bringing the nuclear power station into government hands can scientists 
find out what really happened, say Tomoyuki Taira and Yukio Hatoyama. 


vents at the Fukushima Daiichi nuclear 
Be following the 11 March 2011 

earthquake and tsunami are of crucial 
importance for the future of atomic energy — 
in Japan and globally. To respond adequately 
to the accident, we have to know precisely 
what happened then and what is continuing 
to happen now. 

To establish the facts, all the evidence and 
counter-evidence for what might have taken 
place must be gathered and made public. 
Only then will the world be able to have faith 
in the containment plan developed by the 


Tokyo Electric Power Company (TEPCO), 
or be able to judge how it should be modified. 

Particularly important is finding out 
whether the ‘worst-case’ scenario occurred: 
that is, whether self-sustaining nuclear 
reactions were re-ignited in the core (‘re-crit- 
icality’), creating more fission products and 
heat damage; whether the explosions that 
rocked the plant days 
after the earthquake 
were nuclear in origin, 
releasing radioactive 
metals from damaged 


For more on 
Fukushima, see: 


fuel rods; and whether molten fuel has 
broken through the reactor’s base, threatening 
environmental contamination. 

A group of representatives from the 
Japanese Diet (called the ‘B-team’; in relation 
to the government's ‘A-team’) was formed 
on 24 March to develop a response plan for 
the worst-case scenario. Set up by one of us 
(Y.H., former prime minister) and includ- 
ing us both, the B-team’s other members are 
Yukihisa Fujita (now a senior vice-minister 
of finance) and Hiroshi Kawauchi (now 
chairman of the Deliberative Council on 
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> Political Ethics). The team’s recommen- 
dations — to be released in a future report 
— will be independent from those of Japan's 
government, the Nuclear and Industrial 
Safety Agency (NISA) and TEPCO. 

Our investigation has already shown that 
key pieces of evidence remain incomplete. 
We do not yet know whether the worst-case 
scenario happened. To find out, we believe 
that independent scientists must be given 
access to the nuclear plant, and that the plant 
should be brought into national ownership. 


RE-CRITICALITY 
If nuclear reactions are ongoing within the 
core, they will continue to create fission 
products, and the heat generated is likely 
to damage the cooling and decontamina- 
tion systems. Proof that re-criticality has 
occurred hinges on the detection of certain 
isotopes. The radionuclide chlorine-38, 
for example, has a short half-life of about 
37 minutes and can be generated only if 
neutrons are available. Its presence would 
therefore indicate current nuclear activity. 
Reports of such a detection have been 
mixed. On 26 March, NISA reported that 
TEPCO had found *Cl in a water sample 
drawn two days earlier, after sea water (which 
includes sodium chloride) had been injected 
into the basement of unit 1. On 1 April, NISA 
questioned TEPCO’s analysis, and said that 
radioactive sodium-24 should also have been 
present in the sample. However, some scien- 
tists claim that **Cl can be detected even if 
4Nla is not. On 20 April, TEPCO negated its 
earlier report, asserting that $C] was not seen 
in the sea water, and neither was “Na. It did 
not, however, publish the data from its analy- 
sis. Through NISA, we obtained and reana- 
lysed TEPCO’s data, which were measured 
with a germanium semiconductor detector. 
We concluded that **Cl was indeed present, 
and at a level close to that initially reported 
(1.6 million becquerels per millilitre). In our 
view, NISA’s and TEPCO’s questioning of this 
detection were therefore unfounded. 
Another indicator is xenon-135, which is 
made when uranium or plutonium under- 
goes fission; it has a half-life of 9 hours. On 
1 November, TEPCO detected ‘Xe in unit 2. 
But, because the concentration was low, NISA 
concluded that the nuclide could have been 
produced by spontaneous fission of the dor- 
mant fuel, so was not necessarily caused by 
continuing nuclear reactions. The evidence 
for re-criticality is therefore still inconclusive. 


NUCLEAR EXPLOSIONS 

Another question that must be answered is 
what caused the explosions at the site. They 
were initially reported as being caused by the 
ignition of hydrogen generated by a high- 
temperature chemical reaction between the 
alloy covering the fuel rods and the vapour in 
the core. But, again, this has not been settled. 


Other possibilities include a nuclear explo- 
sion, or the ignition of other gases. 

Knowing whether a nuclear explosion 
took place is essential for predicting how 
much radioactivity might have been released, 
what it would have consisted of and how far 
it would have spread, as well as the state of 
the spent-fuel rods stored in a pool in unit 3. 
Two observations suggest that this is plausi- 
ble. First, some metals heavier than uranium 
have been detected tens of kilometres from 
the plant. Second, the steel frame on top of the 
unit-3 reactor building is twisted, apparently 
as a result of melting. 

Japan’s Ministry of Education, Culture, 
Sports, Science and Technology (MEXT) 
reported finding heavy metals such as 
curium-242 up to 3 kilometres from the 
reactor site and plutonium-238 up to 
45 kilometres away. These isotopes are 
deadly poisons if ingested, causing internal 
exposure to radiation. Because “Cm has a 
short half-life (about 163 days), and because 
the concentrations of **Pu around the plant 
were much higher than usual, MEXT con- 
cluded that these radionuclides were not 
fallout from past nuclear tests in the atmos- 
phere, so must have come from the Fuku- 
shima reactor. If so, they suggest that broken 
spent-fuel rods might be scattered around 
the site — a considerable hazard. 

Such elements are too heavy to have been 
borne ina plume, like the lighter caesium and 

iodine, so they must 


“Solutions for have been blown 
the Fukushima out with great 
nuclear disaster force. Whether a 
must bebasedon hydrogen explosion 
the worst-case would have been 
scenario.” powerful enough to 


scatter heavy met- 
als that far remains unclear. And a hydrogen 
explosion should not have generated enough 
heat to melt steel. Initially, TEPCO claimed 
that the explosion in unit 3 generated white 
smoke; on re-examination, the smoke was 
black, and therefore unlikely to have been 
caused by a pure hydrogen explosion. Soa 
nuclear explosion is a possibility. Whether 
other explosive gases were present on the site 
would be equally important to establish. 


MELT DOWN 

Similarly unconfirmed is how much of 
the concrete base of the reactor has been 
breached by molten fuel. This is important 
because TEPCO plans to fill in the core with 
water to absorb the radioactivity while it 
extracts the fuel. If the concrete below the 
reactor is cracked, then radioactive materials 
could leak into the groundwater. 

Until recently, the government did not 
believe that this was the case. In a 7 June 
report to the International Atomic Energy 
Agency, it reported that most of the melted 
fuels are being cooled in the lower portion 
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of the reactor pressure vessel and that little 
fuel is thought to have leaked out into the 
preliminary containment vessel. 

However, two weeks ago, TEPCO admit- 
ted that molten fuel may have eaten through 
three-quarters of the concrete under unit 1, 
and damaged the bases of two of the other 
reactors. But again, caution is required. No 
one has actually looked at the fuel inside the 
reactor core. So the extent of the leakage is 
yet to be established. 


NATIONALIZE AND INTERVENE 

Solutions for the Fukushima nuclear disaster 
— from how to lock up radioactive contami- 
nation for half a century to how to discard 
the reactor core and the molten fuel — must 
be based on the worst-case scenario, even if 
the people most involved remain optimis- 
tic that this wasn't the case. Although many 
facts remain to be established, in our view, 
two things must be done. 

First, the Fukushima Daiichi nuclear 
power plant must be nationalized so that 
information can be gathered openly. Even 
the most troubling facts should be released 
to the public. Nationalization is inevita- 
ble, moreover, because the government is 
obliged to investigate and provide compen- 
sation for the disaster. 

As an illustration of how information 
about the accident is being restricted, our 
committee struggled to obtain even a manual 
for the plant when we requested it in August. 
Initially, TEPCO refused to supply it. When 
a copy was eventually sent to us, a month 
later, many passages (including key tem- 
peratures and emergency procedures) had 
been blacked out. TEPCO said that it con- 
sidered those parts to be its intellectual prop- 
erty and of possible security concern. Only 
after six months did TEPCO release the full 
manual to us. It was important that we saw 
the manual to learn why the company had 
switched part of the emergency core-cooling 
system off and on again after the earthquake 
(and before the tsunami) — to find out when 
the emergency systems were destroyed. 

Second, a special science council should 
be created to help scientists from various 
disciplines to work together on the analyses. 
That should help to overcome the dangerous 
optimism of some of the engineers who work 
within the nuclear industry. Through such a 
council, the technologies needed for decom- 
missioning and decontamination and for 
construction of a deep geological repository 
for radioactive waste can be developed, even 
for a worst-case scenario. m SEE EDITORIAL P. 291 


Tomoyuki Taira and Yukio Hatoyama are 
members of the House of Representatives 

in the Japanese Diet. Y.H. was also prime 
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ESS 


The European Spallation Source, to be built in Sweden, will be powered entirely by renewable energy. 


Cutting science’s 
electricity bill 


Large-scale research facilities need to reduce their 
energy consumption and begin moving towards 
sustainability, says Thomas Parker. 


ajor research facilities such as 
accelerators and reactors each 
consume roughly as much electric- 


ity as a small town — hundreds of gigawatt 
hours (GWh) of energy per year or more (see 
‘Annual energy expenditure’). International 
and national labs use a total of roughly 3 tera- 
watt hours per year in Europe and 4 terawatt 
hours (TWh) in the United States, add- 
ing up to about the energy consumption of 
countries such as Estonia or Ghana. This 
energy use is perhaps these facilities’ greatest 


environmental impact, greater even than the 
radioactive waste that many produce. Radio- 
activity can be contained and handled safely; 
climate change cannot. 

The European Spallation Source (ESS) 
— aneutron source to be built in Lund, 
Sweden, by 2019, for which I am the energy 
manager — aims to be the first sustainable 
such facility. We will use only renewable 
energy sources to power the accelerator and 
the lab. We will limit our energy use: so far 
in the design process we have reduced our 


energy requirements by more than 20%. And 
70% of the energy that we consume will be 
recovered as usable heat. 

Many of the specific solutions that we 
are adopting at the ESS rely on local condi- 
tions, including a liberalized energy market, 
a well-developed district heating system, a 
relatively cool climate and public and politi- 
cal support. But the project stands as proof of 
principle that big science can be sustainable 
science, and it challenges other facilities to 
live up to the same standards. 


USE IT, DON’T LOSE IT 

One area in which there is obvious room for 
improvement at big labs is the use of waste 
heat from lab equipment. Water at 40°C can 
easily supply buildings with under-floor 
heating or thermal ventilation, if the right 
systems are in place. Waste heat of 75°C can 
even be used to run cooling air condition- 
ers. But most labs intentionally destroy this 
resource. 

Conventionally, equipment ranging from 
accelerators to manufacturing machinery is 
cooled to run at 40°C or lower. This is in part 
because early electronics operated best at 
lukewarm or cool temperatures, and in part 
to avoid harming aquatic life when the cool- 
ing water from hotter systems is discharged 
into natural systems such as rivers. This tar- 
get has become so firmly entrenched that 
manufacturers were surprised two years ago 
when we began asking them if their modern 
equipment would work efficiently at higher 
temperatures. No one else had asked. 

It turns out that many modern systems can 
work at much higher temperatures, allowing 
the heat to be saved for reuse, with or without 
conversion to electrical power, rather than 
being extracted by a heat pump, dissipated 
in expensive cooling towers, or dumped into 
the air or water. Sometimes this requires 
small modifications, such as using sturdier 
components, or adding adaptable cooling 
systems that can handle variable heat loads 
and deal with rare instances of overheating. 
At the ESS, we are working to design power 
systems for our accelerators and helium com- 
pressors for our cryogenics that can operate 
at 75-100 °C. One of the challenges is finding 
the room for extra sets of pipes: some parts 
of the facility will still need to be cooled to 
40°C for proper operation, so we need paral- 
lel cooling systems for parts that are cooled to 
different temperatures. 

Few places recycle their heat. Instead, 
they burn fossil fuels to meet their heating 
and cooling needs. For example, CERN, the 
European high-energy physics laboratory 
near Geneva, generates waste heat at 40 °C 
before disposal. This could be used for heat- 
ing, but its current system uses pressurized 
120°C water instead. Changing CERN’s 
entire heating system retrospectively might 
be too costly, but new buildings could be 


15 DECEMBER 2011 | VOL 480 | NATURE | 315 


© 2011 Macmillan Publishers Limited. All rights reserved 


designed to use the 40°C heat. Likewise, 
the spallation neutron source at Oak Ridge 
National Laboratory in Tennessee cools its 
equipment to about 30°C using a cooling 
tower, and then uses gas-fired boilers to heat 
its building, with no connection between the 
two systems. 

Rather than dumping its leftover heat into 
cooling towers, the ESS will plug in to the 
city of Lund’s district heating system, which 
operates a network of hot-water pipes under 
the entire city and a neighbouring commu- 
nity 20 kilometres away — showing that long 
distances between the producers and users 
of heat energy aren't necessarily a problem. 
We estimate that the ESS will produce about 
180 GWh of heat per year, of which about 
half will be of a suitable temperature to go 
straight into the district heating system; 
much of the rest will be warmed electrically 
so that it doesn’t go to waste. 

A handful of facilities are taking similar 
steps. The ESS has a neighbouring synchro- 
tron light facility, Max IV, currently under 
construction, which plans to cool some of its 
waste streams only to 75°C or higher, again 
to feed into Lund’s district heating system. 
On the other side of the world, a team at the 
TRIUMF particle accelerator at the Uni- 
versity of British Columbia in Vancouver, 
Canada, is investigating whether it can use 
its waste heat to warm residential buildings 
on campus. 


REDUNDANT SYSTEMS 

TRIUMF demonstrates the problems that 
such systems can face. The plumbing and 
heat pumps needed can be costly. And 
because the surrounding communities don't 
need heating during summer, a lab such as 
TRIUMF will have to install back-up cooling 
devices. In Lund this won't be a problem: the 
district heating system is being extended, so 
there will always be sufficient demand for 
hot water to use up the ESS’s waste heat. 
Conversely, a lab might not provide heat 
when the community needs it, again requir- 
ing a back-up system. If redundant systems 


ANNUAL ENERGY EXPENDITURE 


are needed on both sides, then there are no 
savings in investment costs, although there 
may still be benefits for operating costs. 

It is better to be energy efficient in the 
first place than to recycle: an industry rule 
of thumb is that electricity is about 2.5 times 
more valuable than high-grade heat. 

Research facilities by their very nature 
are often pushing the limits of technology 
and science: cooling to temperatures near 
absolute zero, for example, or accelerating to 
near light-speed. Some of these processes are 
staggeringly inefficient in terms of energy 
use. Supercooling, for example, uses about 
1,000 kWh of energy for every 1 kWh of heat 
energy that it removes from a system, as it 
fights to get to ultracold temperatures. 

Many labs, including the ESS and CERN, 
have ongoing projects to improve the effi- 
ciency of cryogenics and accelerator power 
systems, to name two examples. Radio- 
frequency accelerator power systems have 
to be tuned to the right frequency for a given 
beamline, and while that is happening, the 
electrical energy needs to be diverted. Often 
it is used to heat water, but it would be more 
efficient to divert the electricity to some- 
where it is needed. CERN in particular is 
looking into this now. 

The ESS has so far managed to reduce 
its power requirements by 22% in the 
design update. Nearly two-thirds of this 
was achieved by using superconductivity in 
the accelerator power system, which elimi- 
nates losses to electrical resistance. Achiev- 
ing superconductivity requires cooling the 
equipment to close to absolute zero, with all 
the inefficiencies that entails. Despite this, 
there is still a net efficiency gain. 

The ESS will build its own renewable- 
energy-generating facilities to cover all its 
power needs. This makes the lab more sus- 
tainable and hedges against future energy- 
price volatility. The exact power systems 
have yet to be decided, although wind power 
seems the most economical resource in this 
region. Part of the plan is to have some 
demonstration plants on site showcasing 


Large physics facilities, such as CERN, use as much energy as a small town every year. Smaller ones, such 
as the European Spallation Source (ESS), also consume lots of electricity. All would benefit from going green. 
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innovative energy technologies to the public. 

There is a funding problem for big facili- 
ties that tends to perpetuate energy wastage: 
facility budgets for initial infrastructure and 
for ongoing operations often come from 
different purses, making it hard to justify 
an initial investment in energy-efficient 
systems in exchange for long-term savings. 
The governing bodies of such facilities need 
to be aware of this issue, and remember that 
there is more than cash at stake. 

In the United States, the national labs are 
obliged to reduce their emissions to 28% of 
2008 levels by 2020. The plans in place to 
achieve this goal mostly involve increasing 
energy efficiency or relying on renewables 
— heat recycling is not mentioned in the 
Department of Energy's Strategic Sustain - 
ability Performance Plan. Ongoing projects 
include biomass heat and energy co-gener- 
ation at Savannah River, and biomass steam 
generation at Oak Ridge. 


PRACTICAL VISIONARIES 

At a workshop in Lund this October on 
energy management for large-scale research 
infrastructures, initiated in part by myself 
and co-hosted by the ESS, CERN and the 
European Research Forum (the organization 
of national laboratories in Europe), it was 
clear that although many heads of national 
labs are in favour of greening their facilities, 
mostare in only the earliest stages of chang- 
ing operations. 

Some larger projects should serve as an 
inspiration. The DESERTEC project, for 
example, promotes the construction of solar 
power plants and wind parks in north Africa, 
along with transmission lines to high-usage 
areas in southern Europe. As part of the pro- 
gramme, African nations that supplied facili- 
ties with renewable resources would also be 
given a say in the running of these projects. 
This promotes not just energy sustainability, 
but also intellectual sustainability in emerg- 
ing economies. At our meeting, Helmut 
Dosch, chair of the board of directors of the 
German accelerator complex DESY, made 
an impassioned call for national labs to get 
involved in making this programme a reality. 
There is a place for both visionary leadership 
and practical groundwork. 

As the public and its representatives 
become increasingly aware of the need for 
energy efficiency, the argument for energy- 
intensive research becomes weaker. Big 
science needs to do some housekeeping. 
The scientists who work at these facilities, 
perhaps contrary to popular perception, 
are people with ethical concerns about the 
environment. They need to translate those 
concerns into action. m 


Thomas Parker is the energy manager of 
the European Spallation Source. 
e-mail: thomas.parker@esss.se 
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Molecular-genetics pioneers Nikolai Timoféeff-Ressovsky, Max Delbriick and Karl Zimmer. 


MOLECULAR BIOLOGY 


Seed of revolution 


Michael A. Goldman hails the first English translation of 
the three-man paper that launched molecular biology. 


he spectacular achievements in our 
understanding of the human genome 
are the outcome ofan era of molecular 
biology that dates back to the 1930s. The seed 
was a 1935 collaboration in Germany between 
a theoretical physicist, a radiation physicist 
and a Drosophila geneticist — Max Del- 
briick, Karl Zimmer and Nikolai Timoféeff- 
Ressovsky, respectively. Their ‘three-man 
paper, which sets out the interdisciplinary 
basis for studying the molecular nature of the 
gene, was revolutionary. 

But this revolution burned with a slow 
fuse. The paper, ‘On the nature of gene muta- 
tion and gene structure’ was published in an 
obscure journal at the University of Gottin- 
gen. The manuscript had little influence until 
physicist Erwin Schrodinger drew heavily on 
it for his popular lectures, collected in his 
book What Is Life? published in 1944. 

More than 75 years after it first appeared, 
the groundbreaking paper appears in 
English for the first time in Creating a 
Physical Biology. Edited by philosophers of 
science Phillip Sloan and Brandon Fogel, the 
volume also contains commentary by his- 
torians and philosophers of biology on the 
paper's genesis and place in history. 

As Sloan and Fogel point out, the detail 
of the three-man paper's findings no longer 
holds up. But, written 
at a time when DNAs 
role in the transmission 
of genetic information 
was not understood, 


> NATURE.COM 
For more on early 
molecular genetics: 
go.nature.com/qdiihy 


the paper clearly 
established genes as 
an entity that could 
be studied using the 
rigorous methods of 
physical science. This 
molecular approach to 
genetics would lead to 
the sequencing of the 
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standing of X-rays and 
mutation into a coher- 
ent picture of the gene. 
They recognized its 
molecular basis, stat- 
ing “we view the gene 
as an assemblage of atoms within which a 
mutation can proceed as a rearrangement of 
atoms or dissociation of bonds”. 

These ideas emerged as Nazism was rising 
in Germany; the Jewish scientific community 
lived in fear of academic purges. Many key 
meetings between physicists and biologists 
took place not at universities but at Del- 
briick’s house in Grunewald and Timofeeff- 
Ressovsky’s apartment in Berlin. Such covert 
encounters had a pressure-cooker effect. 

Meanwhile, quantum ideas were per- 
meating the physical sciences, and Danish 
physicist Niels Bohr’s interpretation of 
them had taken Copenhagen by storm. 
Bohr’s 1932 lecture ‘Light and life’ probably 
prompted Delbriick, who studied theoretical 
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physics under him, to turn to biology. 

Bohr thought that the wave-particle duality 
of light was part of a general principle of 
complementarity in physics, in which two 
phenomena arising from different experi- 
mental conditions, or parallel explanations, 
are needed for understanding. He felt biology 
was the same, sensing that the vitalistic aspect 
of life and its physical and chemical aspect are 
both key to comprehending the whole. 

Delbriick took this one step farther in his 
search for biological complementarity — 
something beyond reductionism that molec- 
ular genetics could not explain. Paradoxically, 
he sought it by hammering away at gene rep- 
lication, one of the most reductionist para- 
digms ever to hit mainstream biology. When 
it looked like everything in genetics was going 
to yield to physical explanation, he moved on 
to different turf: more complex physiological 
networks. His hopes for complementarity 
were dashed, yet his work drew the attention 
of dozens of physicists to the new biology. 

The paper’s logic and thoroughness cannot 
hide the (still unresolved) struggle to under- 
stand the complex nature of life. The authors 
stuck to genetics to avoid “methodologically 
questionable conclusions” from fields such as 
developmental physiology. They recognized 
that the mapping of genotype to phenotype 
was tenuous, a gap that has yet to be closed. 

The contemporary contributions to 
Creating a Physical Biology smack of histori- 
ans and philosophers of science talking to one 
another, and for the most part agreeing. Gino 
Segre’s Ordinary Geniuses (Viking, 2011), 
among other books, gives more of scientists’ 
perception of the science of the times. 

Sloan and Fogel argue that Schrédinger’s 
What Is Life? misrepresents the three-man 
paper. They note, for instance, that he mis- 
leads by saying that quantum mechanics 
makes possible “a complete reduction of 
biological to physical systems’, which the 
paper never claims. Schrédinger also ignores 
its reservations about mapping genotype to 
phenotype. But there is little evidence that 
he intended to provide an authentic account. 

Most scientists I asked, young and old, 
knew of Delbriick’s role in the origins of 
physical biology. Not one had heard of the 
three-man paper. Yet the work anticipates 
some of today’s cutting-edge science. 

Interdisciplinary research remains tenuous. 
Delbriick wrote to Bohr that biologists 
have difficulty understanding “a new subtle 
thought”. Such attitudes between disciplines 
have barely altered. But there is still that edge 
between known and unknown, the still-elu- 
sive theory of everything, and still time for 
paradigm shifts. This intriguing book gives 
us insight into how such shifts may happen. = 


Michael A. Goldman is a geneticist at San 
Francisco State University, California 94132, 
USA. e-mail: goldman@sfsu.edu 
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PHILOSOPHY 


Life emergent 


Evan Thompson weighs up a treatise that explores the 
dynamics of matter and consciousness. 


ow is mind — cognition and 
Hersccasnes — related to bio- 

logical life? Current thinking in 
cognitive science suggests that living and 
cognitive systems share basic organizational 
properties, such as being autonomous or 
self-producing and self-sustaining. Anthro- 
pologist Terrence Deacon's Incomplete Nature 
is a welcome contribution to this field. 

Deacon draws on thermodynamics, com- 
plex-systems theory and biology to show how 
we can understand the characteristics of mind 
in relation to life, and those of life in relation 
to inanimate matter, without losing sight of 
their continuity. He plots the ways in which 
non-living physical systems can self-organize 
and evolve into living systems, and how living 
systems can evolve into cognitive systems. 

Deacon takes his guiding idea from 
one of my favourite chapters of a classic 
Chinese philosophical text from the fourth 
century BC, the Tao Te Ching: “Pots are 
fashioned from clay/But it’s the hollow that 
makes a pot work.” Similarly, Deacon sees 
the ‘constitutive absence’ as functional, a 
defining property of life and mind. Living 
things are dynamically organized around 
ends, such as finding nourishment; and 
minds are dynamically organized around 
meanings, such as anticipated future events. 
And like the hollowed interior of the pot, 
these ends and meanings are both functional 
and absent, in the sense that they affect a sys- 
tem’s behaviour, yet are not material parts 
of it. 

This idea leads Deacon to offer a new twist 
on theories of how inanimate matter can 
self-organize and evolve to become living, 
and how living systems can evolve to become 
cognitive. To reflect absence, he introduces 
the concept of constraints in a dynamical 
system. For example, water molecules heated 
in a pan organize into rotating convection 
cells, with their motions constrained by the 
geometry of the cells. In this system, absence 
is the variety of alternative paths the water 
molecules could have taken. Yet the system, 
Deacon says, depends on their absence. 

Applying this idea to the emergence of life, 
Deacon considers autocatalytic molecules. 
These copy themselves by catalysing their 
own production, and can collectively build 
systems that evolve to have a metabolism 
and reproduce. In Deacon’s version, auto- 
catalytic molecules manufacture by-products 


that self-assemble into ~ = 
a container that then 
houses those reactions. 
Again, the absence 
on which the system gy 
depends is the other 
ways in which the mol- : 
ecules could have been y 
distributed. 

Such self-generat- 
ing systems, for Dea- 
con, already have a 
minimal kind of self. 
Multicellular organ- 
isms have a more 
complex bodily self 
than these systems, 
and animals with brains have a cognitive 
self because the brain must constantly rep- 
resent its own ongoing activity in relation 
to the body and to the outside world. As 
Deacon unfolds this narrative, he provides 
perceptive accounts of key notions, such as 
information and emergence — how com- 
plex systems arise from many comparatively 
simple interactions. 


Incomplete 
Nature: How Mind 
Emerged from 
Matter 

TERRENCE W. DEACON 
W. W. Norton: 2011. 
624 pp. $29.95, 
£19.99 


The geometry of convection cells in heated liquid. 
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But Incomplete Nature has shortcomings. 
Deacon doesn't discuss other theorists who 
have given similar accounts of life and mind, 
such as Alicia Juarrero in Dynamics in Action 
(MIT Press, 2002) or myself in Mind in Life 
(Harvard University Press, 2007). He also 
sometimes overemphasizes the differences 
between his views and those of the theorists 
he does cite. 

Deacon stumbles at two crucial junc- 
tures — his explanations for the emergence 
of meaning and for the emergence of con- 
sciousness. The problem of meaning is the 
problem of how it is possible for certain 
physical phenomena, such as brain states, 
to have content or to be ‘about’ something 
beyond themselves. 

Deacon's answer is not easy to decipher. 
Roughly, he seems to be saying that certain 
states of a self-generating system acquire 
content when they correlate reliably with 
features of the environment that are useful 
to that system. For example, a system that 
needs molecules from the environment in 
order to reproduce ‘interprets’ the pres- 
ence of these molecules as meaning that the 
environment is conducive to reproduction. 
But this seems little more than metaphorical. 
As many philosophers have shown, meaning 
cannot be reduced to such processes. 

With consciousness, Deacon says that 
sentience — the capacity to feel — arises 
from a system being self-sustaining and 
goal-directed. So he sees individual cells as 
sentient. But, as he explains, an animal's sen- 
tience is not the sum of the sentience of its 
individual cells: the nervous system creates 
its own sentience at the level of the whole 
animal. Yet Deacon doesnt get to grips with 
the hard problem of explaining why and 
how we and other animals have conscious 
experience. 

Simply pointing to the neural activity asso- 
ciated with sentience is not enough to answer 
this question. What we need to know is why 
this activity feels pleasant or painful to the 
animal, instead of being an absence of feeling. 
In my view, Deacon's error is not that he has 
no answers to such questions (no one does), 
but that he fails to recognize them. 

On the empirical side, Deacon's discussion 
also falls short. He doesn't explore the neuro- 
science literature showing how large-scale 
brain activity is related to consciousness, and 
makes no use of writings that relate these 
findings to how we experience emotion, 
time and the self. 

Although incomplete in these ways, 
Incomplete Nature contains many rewarding 
thoughts about life and mind and their place 
in nature. 


Evan Thompson is professor of philosophy 
at the University of Toronto, Ontario M5R 
2M68, Canada. 

e-mail: evan.thompson@utoronto.ca 
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The Transantarctics, backbone of the continent, have fascinated explorers since James Cook’s time. 


High on Antarctica 


Gabrielle Walker enjoys a historic exploration of the 
frozen continent’s great mountain range. 


r | Mhink of Antarctica and you don’t 
immediately think of mountains. 
Almost all the attention given to 

the continent focuses either on the charis- 
matic animals that patrol its periphery 
or the two vast sheets of ice that drape its 
interior. Geologist Edmund Stump has 
taken a fresh tack. 

In The Roof at the Bottom of the World, 
he follows the great range of mountains 
known as the Transantarctics. These run 
through the centre of the continent: a back- 
bone between the two ice sheets. Many of 
the Transantarctic peaks are fully submerged 
in ice, but some hold enough of it at bay to 
preside over rare ‘dry’ valleys and bare out- 
crops of rock. 

Stump has made studying these moun- 
tains his life's work. However, in this book he 
relates not his own geological studies, but the 
history of the Transantarctics’ discovery, from 
their earliest sighting by James Cook in the 
eighteenth century through the heroic age of 
Antarctic exploration and on to the great era 
of Antarctic science. Thanks to the stunning 
photographs — many by the author — this 
solid and dependable book is as beautiful as 
the mountains it describes. 

Stump begins at the northern end of the 
range, the first to be sighted, and traces the 
history inland. This makes for some odd 
chronologies. We read, for example, that 
the exploring party of Lieutenant Victor 
Campbell (a mem- 


ber of Robert Falcon DNATURE.COM 
Scott's expedition) was _ For more Antarctic 
dismayed, on return- science: 

ing to base in 1912, — go.tiature.com/9fhuuj 


to discover Scott’s 
terrible fate — more 
than a chapter before 
Scott himself departs 
on his disastrous jour- 
ney to the South Pole. 
However, the ben- 
efit of making the 
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south. They had their 

share of adventure, disaster and reward, but 
their exploits were often overshadowed. 
Campbell’s party, for example, became 
stranded in Terra Nova Bay in winter with 
minimal rations and half-shredded tents, and 
ended up living through months of darkness 
and cold in a dismal snow cave lined with 
seaweed. 

Stump’s telling of these tales is competent, 
accurate and frequently vivid, and he has a 
good instinct for when to quote from the 
diaries of the men who discovered, mapped 
and explored these mysterious mountains. 
“Tt falls to the lot of few men to view land 
not previously seen by human eyes,’ Ernest 
Shackleton wrote in his diary in 1908, “and 
it was with feelings of keen curiosity, not 
unmingled with awe, that we watched the 
new mountains rise from the great unknown 
that lay ahead of us” 

And although I couldn't help but wish 
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that Stump had included some of his own 
scientific findings in the book, I enjoyed the 
occasional sidebars in which he recounts 
journeys through mountains he clearly 
loves. He speaks of becoming aware of the 
silence “behind me, just at my shoulder’, of 
his delight at exploring a hidden ice cave, 
of how it felt ascending (by helicopter and 
then snowmobile) a hitherto untouched 
mountain. Like Shackleton, Stump was 
enchanted by the prospect of seeing some- 
thing no human had ever witnessed. 

In the end, it is the human tales that most 
interest Stump. He delights in showing 
recent photographs alongside those taken 
from the same spot decades earlier. These 
paired pictures are marvellous, a reminder 
of how patient this continent is, and how lit- 
tle it has changed over the time that we have 
observed it. 

Stump also writes of how, after many field 
seasons in the Transantarctic mountains, 
the thrill of being first in a spot faded, to be 
replaced by the thrill of knowing that he was 
standing exactly where members of a pre- 
vious party had stood. Sometimes he even 
diverted a trek to find a cairn left behind by 
an earlier expedition, to prise out the care- 
fully balanced stone that hid the messages 
left inside, extract the paper like a treasure 
map, read it, fold it, replace it and add a note 
of his own. 

Ihave met many other scientists working 
in Antarctica who show a similar rever- 
ence for such traces. The artefacts’ state of 
preservation is part of the fascination — a 
reminder that the age of exploration was 
not so very long ago, and that the bond to 
these first heroes is more palpable here than 
anywhere else on Earth. Towards the end of 
the book, Stump’s sidebars become philo- 
sophical on this point. He describes how he 
was enchanted to find some rusted cans ina 
far-off outpost, and then disgusted when he 
found two more sets. Where, he asks, does 
history end and pollution begin? 

Many of the photos and maps in the book 
tread a similar fine line between connection 
and desecration, overdrawn as they are with 
coloured traces showing the routes where 
explorers planted their feet, sledge runners 
and then tractors and planes on this alien 
landscape. Rather to my surprise, I liked this. 

Stump’s focus on the human diminishes 
neither the photographs nor the stories. 
Instead, it gives us a reassuring handhold 
when faced with overwhelming grandeur. 
After all, our explorations of Antarctica may 
have told us a great deal about the snow, ice 
and rocks we have found there, but they have 
taught us even more about ourselves. = 


Gabrielle Walker is a writer based in 
London. Her book Antarctica will be 
published in March 2012 by Bloomsbury. 
e-mail: gw@gabriellewalker.com 
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A Paris exhibition mingles mathematical concepts with work by artists including songwriter Patti Smith. 


MATHEMATICS 


Drowning by numbers 


Stefan Michalowski and Georgia Smith find that a mix of 
unexplained equations and thunderclaps doesn’t add up. 


ntering the Cartier Foundation for 
Heconcmrors Art in Paris for the 

exhibition Mathematics: A Beautiful 
Elsewhere, you are directed to an oval room, 
entirely white and very noisy. A recording 
of singer-songwriter Patti Smith intoning 
Baa, Baa, Black Sheep in a weary voice plays 
over deep, rumbling sounds. In a video pro- 
jected on the wall, a book crashes into view 
as if dropped from the sky, accompanied by 
a thunderclap. It is Gregor Mendel’s 1865 
Experiments in Plant Hybridization. A long 
quote from the book appears on the screen. 

Turn around and you find yourself staring 
at a fireplace in which black-and-white car- 
toon flames flicker, numbers dancing above 
them. Another thunderclap. Blaise Pascal's Of 
the Geometrical Spirit drops into view on the 
back wall. Overhead, an animated mandala 
by US film-maker David Lynch grows: stones, 
trees, humans, continents, planets, stars and 
galaxies, all drawn ina childlike hand. “Yes, 
sir, yes, sir, three bags full,” drones Smith. 

What is going on here? According to the 
exhibition guide, the goal is to “transform 
the abstract thinking of mathematics into a 
stimulating experience for the mind and the 
senses, an experience accessible to everyone”. 
In this eclectic array of maths-inspired art, 
it is the pieces that don't try too hard that 
really work. 

To create the show, the foundations direc- 
tor, Hervé Chandes, and astrophysicist Michel 
Cassé of the French Atomic Energy Com- 
mission, brought together pairs of artists and 


mathematicians who 
then collaborated to 
make the exhibits. 
Jean-Pierre Bour- 
guignon, director of 
France's Institute for Advanced Scientific 
Study (IHES) near Paris, one of the world’s 
leading centres of mathematical research, 
is co-curator. Most of the mathematicians 
involved have worked at the IHES. Chandés 
selected artists from among those who had 
exhibited previously at the foundation. 

“No format was fixed, and everything 
was open,” says Bourguignon. “It was very 
difficult to predict at the beginning what 
would happen” 

The main exhibits in the museum's quiet 
basement work well. Film-makers Raymond 
Depardon and Claudine Nougaret had the 
excellent idea of letting mathematicians speak 
for themselves: four minutes to say whatever 
they wanted. These mini-monologues are 
fascinating, accessible and beautifully shot. 
Cédric Villani (wearing his signature velvet 
butterfly bow-tie) recounts his passion for 
triangles. Michael Atiyah eloquently describes 
how maths and art are explorations of inner 
thoughts and visions, as well as external reality. 

In another room, an elegant aluminium 
sculpture by Hiroshi Sugimoto embodies 
a surface with constant negative curvature. 
It tapers upwards from a round base in an 
asymptotic curve that, theoretically, would 
come to a point at infinity. There is an equa- 
tion on the wall, but no explanation of its 


Mathematics: 

A Beautiful 
Elsewhere 
Fondation Cartier, Paris. 
Until 18 March 2012. 
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relationship to the sculpture. 

Other installations border on the inexpli- 
cable. A static video feed from the control 
room at the Large Hadron Collider at CERN, 
Europe's particle-physics lab near Geneva, 
Switzerland, cuts to a silvery hand that draws 
Feynman diagrams; the accompanying voice- 
over is too technical for most visitors. Nearby, 
a video by Brazilian artist Beatriz Milhazes 
uses origami-like graphics to demonstrate 
some nicely rendered geometrical proofs 
that flit past too quickly to follow. Milhazes 
illustrates other mathematical phenomena, 
such as Penrose tiling and prime numbers, 
with beautifully apt images, and she shows 
some natural phenomena (iridescence, bird 
flight) alongside the equations that describe 
them. Again, unexplained images flash by 
and the equations become merely decorative. 

In the same room, Lynch has fitted a 
group of robotic arms with mask-like faces. 
No information is volunteered, but quizzing 
a staff member reveals that they were cre- 
ated at the University of Bordeaux, France, 
to explore a theory of artificial curiosity that 
links sensing, interpreting the environment 
and learning. Visitors can interact with the 
machines using simple gestures and sounds. 

The lack of information is intentional: the 
curators didn’t want to be didactic. “That’s 
not our role,” says Chandés. “Our idea was, 
we'll immerse people. They can read later, at 
home, on the Internet.” 

But have the artists actually transformed 
abstract mathematical concepts into stimu- 
lating, accessible art? For the science-library 
video in the first room, IHES mathematician 
Misha Gromov selected a set of books that 
constitute a scientific canon. But all the visitor 
sees is covers and a few quotes, often framed 
off-kilter by a jittery camera. The crashing 
sound effects verge on self-parody, as if the 
oracle at Delphi (or the Wizard of Oz) were 
proclaiming these to be Very Important Texts. 
At times, the exhibition’s refusal to help the 
visitor understand the mathematical content 
produces the discouraging sensation that one 
is being shown fancy images, but excluded 
from the priesthood of knowledge. 

Despite what must have been serious 
efforts by both mathematicians and artists, 
most of the latter seem to have acquired rela- 
tively superficial notions of maths, physics 
or biology. This is a show rich in theatrical 
effects, but it reveals little engagement with 
the power and beauty of maths on a deeper 
artistic level. = 


Stefan Michalowski is a former particle 
physicist, and executive secretary of the 
OECD Global Science Forum in Paris. 
Georgia Smith is a freelance journalist 
based in Paris. 

e-mails: stefanm@noos.fr; georgias@noos.fr 


This article does not represent the views of the OECD. 
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Correspondence 


Relative drop for 
farming emissions 


The depiction of farming’s 
greenhouse-gas footprint 
(estimated at 30.9% of total 
emissions) is derived from 

a 2007 report that used data 
from 2004 (Nature 479, 279; 
2011). But relative estimates 
of emissions from different 
sources have altered appreciably 
since then, largely because 
fossil-fuel usage and cement 
production for building have 
both escalated. 

In 2000-07, carbon dioxide 
emissions due to land-use 
changes were 1.1 petagram 
carbon equivalents (Pg C) 
per year and emissions from 
fossil-fuel usage and cement 
production accounted for 
7.6 Pg C per year (Y. Pan et al. 
Science 333, 988-993; 2011). 
The contribution from land-use 
changes was therefore 12.6% 
of carbon dioxide emissions 
over this period. Emissions of 
methane, nitrous oxide and 
fluorine-containing gases were 
about 3.1 Pg C per year, so land- 
use changes contributed less 
than 10% of total greenhouse- 
gas emissions. 

Carbon dioxide emissions 
from fossil-fuel burning and 
cement production went up 
to about 9.1 Pg C in 2010. 
Assuming that the emissions 
from land-use changes were the 
same as in 2000-07 and that the 
carbon-equivalent contributions 
of methane, nitrous oxide and 
fluorine-containing gases were 
the same as in 2004, land-use 
changes would have accounted 
for only about 8% of total 
emissions last year. 

Although the increase in 
emissions from fossil-fuel 
usage and cement production 
is well documented, estimates 
of emissions from land-use 
changes remain uncertain. But 
they are unlikely to be as high as 
the earlier data might indicate. 
Hans Martin Seip Center 
for International Climate 
and Environmental 
Research — Oslo (CICERO); 


University of Oslo, Norway. 
h.m.seip @kjemi.uio.no 


Europe needs 
research networks 


A new European science-policy 
body, ScienceEurope, was 
launched in October to give a 
stronger voice in Brussels to the 
major national research-funding 
agencies. Likely casualties of 
this effort include some of the 
most successful activities of the 
venerated European Science 
Foundation, causing major 
concern among many scientists. 

For example, the future 
of the Research Networking 
Programmes is under threat. 
These have been fostering 
cost-effective collaborations and 
networking between scientists 
from European countries in all 
fields for almost 20 years. 

Ninety such programmes are 
currently in operation. They rely 
on minimal bureaucracy, simple 
rules and very modest funding 
— €80,000 (US$107,000) per 
year and per network on average 
(covered by participating member 
organizations). This combination 
allows them to react swiftly to 
new scientific challenges. 

Our Research Networking 
Programmes in electronic- 
structure theory and molecular 
simulation, for example, 
have made Europe a leader in 
computational materials and 
molecular sciences, thanks to 
the sustained support of the 
European Science Foundation. 

It is not clear whether 
ScienceEurope, or the European 
Commission's Horizon 2020 
programme, will make a long- 
term commitment to research 
networks. However, we consider 
it of utmost importance that this 
type of funding instrument should 
survive, along with its nimble and 
flexible administration. 

Peter Dederichs* Psi-k Research 
Networking Programme and 
Jiilich Research Centre, Germany. 
p.h.dederichs@fz-juelich.de 

*On behalf of 4 co-signatories 

(see go.nature.com/xsbeig). 


Lemaitre did stake a 
claim on discovery 


Ina brilliant piece of detective 
work, Mario Livio clarifies the 
mysterious differences between 
Georges Lemaitre’s original 

1927 paper, which announced 
the expansion of the Universe, 
and its 1931 translation from 
French into English (Nature 479, 
171-173; 2011). He suggests that 
“Lemaitre was not at all obsessed 
with establishing priority for his 
original discovery”. However, 
Lemaitre’s important later paper, 
‘Lexpansion del Univers’ 

(Ann. dAp. 13, 344-345; 1950), 
argues otherwise. 

In that paper, Lemaitre writes 
(translated from the French):“The 
title of my note leaves no doubt 
about my intentions: a Universe of 
constant mass and growing radius 
accounts for the radial velocities 
of the extra-galactic nebulae” 
Sidney van den Bergh Dominion 
Astrophysical Observatory, 
Herzberg Institute of Astrophysics, 
Victoria, British Columbia, 
Canada. 
sidney.vandenbergh@nrc-cnrc.gc.ca 


Overcome India’s 
GM crops prejudice 


India’s agricultural productivity 
is not keeping pace with 
its population, despite its 
growing economy. Advances 
in transgenic technology could 
alleviate the situation, but 
there is strident opposition 
in the nation to genetically 
modified (GM) crops from non- 
governmental organizations 
and from spiritual gurus, in the 
name of tradition, biodiversity 
and other ill-founded concerns. 
Millions of people worldwide 
have been consuming GM 
maize (known as Bt corn) 
over the past decade, and no 
authenticated health issues have 
arisen. Bt-transformed plants 
reduce pesticide application so 
are suitable for organic farming. 
GM rice that provides a balance 
of protein and micronutrients 
would vastly improve the health 


of millions of children. 

The biodiversity argument 
doesn't stand up either: random 
transfer of engineered genes 
to a non-target plant is likely 
to be harmless if the genes are 
well tested, given that genes 
are constantly shuffled on an 
evolutionary scale anyway. 

Embargos from the Indian 
government and the courts 
have destroyed the efforts of 
researchers here to improve the 
productivity of crops outside 
the agendas of multinational 
corporations. 

No single technology can 
solve all the problems, but a 
combination of transgenic 
technology, organic farming, 
marker-assisted breeding and 
traditional practices would 
markedly improve crop yields. 
India cannot afford to lose even 
one of these technology options. 
Govindarajan Padmanaban 
Indian Institute of Science, 
Bangalore, India. 
geepee@biochem.iisc.ernet.in 


Social norms depend 
on what is typical 


Iagree with Laurent Mottron 
that autism should be described 
as a variant within the human 
species (Nature 479, 33; 2011). 
But it is worth pointing out that 
neurotypical modes of social 
conduct prevail only because 
the neurotypical population far 
outnumbers the autistic one. 
Ihave friends in the high-IQ 
society Mensa who are also 
autistic: we have our own set of 
non-verbal communications, 
our own set of social rules. When 
we predominate in a group, we 
communicate in the autistic 
way, and (neurotypical) people 
who cannot communicate 
in this way are unable to join 
in. In this setting, Mottron’s 
‘normocentrism would put our 
way of communicating as the 
norm, and class those who are 
left out as socially inept. 
Jasper van Haasteren 
Groningen, the Netherlands. 
jasper.vanhaasteren@mensa.nl 
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OBITUARY 


Har Gobind Khorana 


(1922-2011) 


Chemical biologist who helped to establish the genetic code. 


ar Gobind Khorana, who died on 
H 9 November 2011 at the age of 89, 

was a pioneer and a visionary. That 
someone with such a humble background 
could rise to become an icon of molecular 
biology is a testament to his extraordinary 
drive, discipline and striving for excellence. 

His background was in chemistry, but 
his interests lay in applying chemistry to 
problems in biology. By doing so, he started 
the field of ‘chemical biology’. For 
his work on uncovering the genetic 
code, Khorana was awarded the 
Nobel Prize in Physiology or Medi- 
cine in 1968. 

Khorana’s chemical synthesis of 
the first gene in 1970, followed by 
his synthesis of a related gene and 
demonstration in 1979 that it was 
functional in a bacterium, was a 
landmark in genetics. This work ush- 
ered in the era of recombinant DNA 
and underlies the in vitro assembly 
of whole genomes from shorter DNA 
strands. 

Khorana was born in Raipur, a 
small village in the Punjab province 
of what is now Pakistan, but was then 
India. His father, an agricultural taxa- 
tion clerk, believed in education; and 
Khorana and his siblings were the only liter- 
ate children in the village. Despite poor edu- 
cational facilities, Khorana completed high 
school and went on to receive bachelor’s and 
master’s degrees in chemistry from Univer- 
sity of the Punjab in Lahore. In 1945, Khorana 
moved to the University of Liverpool, UK, 
under a Government of India Fellowship. He 
was slated to study insecticides and fungi- 
cides, but because of lack of space was asked 
to pursue organic chemistry. It was there that 
he obtained a PhD in 1948 working on the 
chemistry of melanins with Roger Beer. 

Having seen much German scientific 
literature, Khorana wanted to do postdoc- 
toral research in a German-speaking country. 
So he went to the Swiss Federal Institute 
of Technology (ETH) in Zurich, where he 
worked for 11 months on alkaloid chemistry 
with Vladimir Prelog. His stay was short — 
he received no stipend and had to sustain 
himself on savings. Fortunately, in 1949, he 
received a fellowship to work with Alexander 
Todd at the University of Cambridge, UK, on 
peptides and nucleotides. 

In 1952, Khorana moved to Vancouver to 
start his own research group at the British 


Columbia Research Council. The council’s 
director, Gordon Shrum, had come from 
Canada to interview him and said: “You can 
have all the freedom to do what you want’, 
but we don’t have much in terms of facilities. 
Shrum said candidly that he wanted to hire 
an organic chemist because they were cheap 
— needing only test tubes to do research. 
Undaunted, Khorana accepted the offer, 
and established an outstanding research 


programme. 

In 1960, he moved to the University of 
Wisconsin-Madison, where he worked on 
the genetic code and chemical synthesis of 
a transfer RNA gene. In 1970, he moved to 
the Massachusetts Institute of Technology 
in Cambridge, where he switched to work- 
ing on membranes and signal transduction, 
problems on which he worked for more than 
30 years until his retirement in 2007. 


ADEEP THINKER 
Much of Khorana’s early work used a class 
of reagents called carbodiimides, which he 
had come across in Zurich while translating 
papers from German to English. In Van- 
couver, his use of these reagents led to the 
synthesis of nucleotide coenzymes and 
oligonucleotides, and brought him into con- 
tact with biochemists Arthur Kornberg, Paul 
Berg, Saul Roseman, Jerry Hurwitz, Fritz 
Lipmann, Charles Dekker and Leon Heppel, 
many of whom spent summers in his lab. 
Khorana was a pioneer. Spanning chem- 
istry, biology and physics, he was doing 
interdisciplinary research before the cur- 
rent trend. In 1968, he wrote about gene 
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manipulation before individual genes from 
any organism had been characterized. And 
in 1971, he wrote about the need to amplify 
the synthetic gene, using a series of steps that 
looks eerily similar to the technique for this 
now known as PCR. 

A deep thinker, Khorana put much thought 
into choosing a problem to work on. He was 
not influenced by its difficulty or the time 
needed to solve it, as long as it was of funda- 
mental importance. He often said: 
“If you want to get far, you have to 
travel alone.” Yet he was always well 
prepared, making “pilgrimages” to 
work in laboratories — ranging from 
Stanford University in California to 
the National Cancer Center of Tokyo 
— before undertaking new projects. 

As a mentor, Khorana set high 
standards. He was loyal to the people 
who helped him and to the institu- 
tions at which he worked. He could 
be demanding, but he was no more 
so of others than he was of himself. 
One associate said: “He showed us 
what excellence in science was and 
we learnt to recognize it.” 

Gobind was modest, humble and 
avoided publicity. He loved music, 
swimming and long walks, and hada 
curiosity that lasted until the end. Three days 
before he passed away, I was by his hospital bed 
and we talked about glucose and the brain. 

Gobind used the solitude of hiking to 
think about scientific problems, and always 
carried a pen and notecards to write down 
his thoughts. On the day of his Nobel prize 
announcement, he was among the last at the 
university to hear about it. As he often did, 
he had gone to a rented cottage by a lake out- 
side Madison with no telephone or radio, to 
write papers. His wife Esther had to drive 
over to give him the news. At the celebration, 
Iremember him enthusiastically explaining 
his latest work on the blackboard to two 
professors holding glasses of champagne. 
Gobind was at heart an experimental 
scientist. With him gone, we have lost an 
extraordinary man. m 


Uttam L. RajBhandary is in the 
Department of Biology, Massachusetts 
Institute of Technology, Cambridge, 
Massachusetts 02139, USA. He joined 
Khorana’s lab as a postdoc in 1962 and has 
been a close friend and colleague since. 
e-mail: bhandary@mit.edu 
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VACCINOLOGY 


A sweet cleft in HIV’s armour 


The structure of an antibody that potently neutralizes a wide range of HIV-1 strains, together with a minimal antigen 
mimic, is an advance towards the design of vaccines that may elicit protective responses. SEE ARTICLE P.336 


QUENTIN J. SATTENTAU 


r | Vhe glycoproteins on the surface envelope 
of HIV-1 are essential for viral attach- 
ment to, and entry into, appropriate 

host cells. Antibodies that bind tightly to 

functional envelope glycoproteins neutral- 
ize virus infectivity and can protect against 
infection in vivo'. HIV-1 has, in turn, evolved 
various defence mechanisms against antibody 
neutralization, most prominent among which 
are amino-acid sequence variation and the 
masking of otherwise vulnerable regions on 
the envelope glycoproteins with sugars called 
glycans”. Most such immune-evasion meas- 
ures have minimal effect on virus infectivity, 
but there are certain ‘sites of vulnerability 
on the envelope glycoproteins that the virus 
must keep relatively conserved and exposed 
to maintain function. In this issue, McLellan 
et al.* define a new site of vulnerability on the 

HIV-1 surface glycoprotein gp120 by solving 

the atomic structure of a monoclonal antibody, 

PG9, in complex with a minimal antigenic 

mimic of gp120 (see page 336). 

PG9 neutralizes a broad range of HIV-1 
strains with high potency*. Therefore, its 
epitope — the exact part of the gp120 antigen 
to which it binds — is of particular interest for 
vaccine design. This epitope resides within 
a highly variable structure called the V1/V2 
domain. This domain is mostly obscured by 
glycans, and may form the ‘cap’ that brings 
three gp120 molecules together into a trimer. 
This, in turn, is associated with the trimer ofa 
second envelope glycoprotein, gp41 (Fig. 1a). 

McLellan et al. wanted to know where 
exactly in the V1/V2 domain PG9 binds. 
But solving the structure of PG9 in complex 
with its antigen was not a trivial task, because 
the existence of the epitope depends on the 
quaternary folding of gp120, to the extent that 
full antibody binding has been achieved only 
using intact, membrane-anchored envelope 
glycoproteins’. As an alternative approach, the 
authors used molecular modelling of V1/V2 
coupled with information about PG9 bind- 
ing to peptide mimics to select a molecular 
‘scaffold’ on which V1/V2 could be restrained 
in the correct shape. This approach delivered 
an antigenic mimic of the epitope to which 
PG9 bound tightly. The mimic consisted 
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Figure 1 | Zooming in on the PG9-HIV-1 interaction. a, On the surface of the HIV-1 envelope, three 
copies of gp120 bind to three copies of gp41 to form a trimeric envelope-glycoprotein complex. The 
PG9 epitope is located in the V1/V2 domain of gp120, near the tip of this complex and is shrouded by 

a ‘glycan shield’ b, McLellan et al.’ solve the atomic structure of the PG9 antibody in complex with a 
scaffolded segment of the V1/V2 domain from two HIV-1 strains (see Fig. 1 of the paper’). To do so, the 
authors constructed a mimic of the antibody’s minimal natural antigen. The mimic consists of a scaffold 
that constrains a polypeptide and two glycans such that a miniature canyon is formed. The researchers 
find that PG9 binds to its epitope mainly through the unusually long CDR H3 loop in its heavy chain, 
which forms a hammerhead-like structure. CDR H3 inserts between the glycans, contacting both, and 
interacts with the peptide at its tip. This allows tight binding of the antibody to these conserved antigen 
surfaces, accounting for its exceptional potency and breadth of HIV-1 neutralization. 


of a peptide strand, flanked by two glycans, 
contained within a four-strand mini-domain. 

Both PG9 and the closely related antibody 
PG16 have an unusual structure dominated 
by an antigen-binding site, which contains 
an extended region, called CDR H3, of the 
antibody’s heavy chain. This has a unique 
hammerhead-like structure™®. McLellan and 
colleagues’ report that the hammerhead of 
the PG9 CDR H3 slots in neatly between the 
two glycans on gp120, contacting the flanking 
glycan surfaces and binding to the protein sur- 
face at the base of the ‘mini-canyon’ (Fig. 1b). 
PG9 overcomes variability intrinsic to the 
V1/V2 protein sequence by binding mainly to 
the atomic backbone of the protein rather than 
to the variable amino-acid side chains. This, 
along with strong evolutionary conservation 
of the two glycans in gp120, results in its recog - 
nizing some 80% of HIV-1 strains. Thus, PG9 
is an example of the immune system turning 
the tables on the viral glycan defences, by 
binding directly to them. 
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Another site of vulnerability was previously 
identified’ in gp120. This site, which binds 
the CD4 receptor on the host-cell surface, was 
subsequently used to isolate antibodies that 
neutralize a broad range of HIV-1 strains’. 
Although a valid template for vaccine design, 
the CD4-binding surface has intrinsic com- 
plexities that make its use for eliciting antibod- 
ies difficult. The surface is highly convoluted, 
and, until a couple of months ago’, attempts 
to reproduce it as a polypeptide mimic were 
largely unsuccessful. Moreover, immunization 
with gp120 has so far failed to induce neu- 
tralizing antibodies of required breadth and 
potency, most likely because the elicited anti- 
bodies could not bind tightly to the assembled 
trimer of envelope glycoproteins””. 

The PG9 epitope is highly accessible on 
the envelope glycoprotein trimer, and so is 
not beset by the difficulties encountered in 
attempting to raise broadly neutralizing anti- 
bodies to the partly occluded CD4-binding 
surface on gp120. Moreover, by virtue of its 


simplicity, the mini-domain V1/V2 epitope 
designed by McLellan et al. may well be a more 
straightforward target for re-eliciting potent 
neutralizing antibodies by active vaccination. 
However, uncertainties remain. First, does 
the scaffolded V1/V2 mimic reported here 
accurately represent the respective molecular 
architecture of the actual gp120 trimer? The 
answer would come with the structure of the 
trimeric envelope glycoprotein, although the 
reduced affinity of PG9 for the scaffolded 
mimic’ compared with that estimated for the 
trimeric glycoproteins suggests differences. 
Second, it is not clear how common this 
type of interaction between antibodies and 
glycopeptide antigens is. But there is reason 
to be optimistic. McLellan et al. propose’ that 
the epitopes of two other related, but distinct, 
neutralizing antibodies (CH04 and PGT145) 
have similar structures. Moreover, another 
potent neutralizing antibody, PGT128, binds 
a remarkably similar type of glycopeptide 


SOFT MATERIALS 


structure in a different region of gp120 called 
the V3 loop”. This suggests that the production 
of glycopeptide-reactive, broadly neutralizing 
antibodies may not be a particularly rare event 
during HIV-1 infection. The convergent evolu- 
tion in antibody recognition also suggests that 
the immune system is rising to the challenge 
of generating antibodies with appropriate 
shapes to fit the structural constraints required 
to pierce the gp120 glycan shield and interact 
with protein surfaces beneath. 

Vaccination relies on triggering the immune 
system's B cells to produce antibodies. Will 
vaccination with appropriately designed 
antigen mimics such as that described in this 
paper’ elicit equivalent antibody responses 
to those seen during HIV-1 infection? This 
cannot be answered yet. What we do know 
is that B cells from some individuals infected 
with HIV-1 recognize this type of glycopep- 
tide epitope after stringent selection and a 
substantial degree of mutational evolution to 


Marginal matters 


Most soft materials, such as sand, can be in either a solid-like or a liquid-like 
state. New experiments probe the surprisingly rich nonlinear physics that can 
occur in between these two states. SEE LETTER P.355 


VINCENZO VITELLI & MARTIN VAN HECKE 


ll around us, things are falling apart. 
A™ foam on our cappuccinos looks 

solid, but gentle stirring irreversibly 
changes its shape. Sand, a granular material, 
mimics a solid when we walk on the beach 
but a liquid when we pour it out of our shoes. 
Such examples suggest that we can think of 
the mechanics of soft disordered materials 
as either jammed (solid-like) or unjammed 
(freely flowing). On page 355 of this issue, 
however, Bi et al.' describe experiments show- 
ing that such materials come in more than just 
these two flavours. 

The hybrid behaviour of sand and foams 
has fascinated physicists for decades, and 
lies at the heart of Liu and Nagel’s jamming 
diagram’ (see Fig. 1a of the paper’). The idea 
behind this diagram is that the mechanical 
state of a whole range of soft materials — such 
as granular media, pastes, foams and emul- 
sions — is controlled by how densely their 
constituents (grains, bubbles or droplets) are 
packed. Dense packings are jammed, loose 
packings are unjammed, and when the con- 
stituent particles just touch, the material is 
said to be marginal. Think of mayonnaise, an 
emulsion of oil droplets in water: only when 
a sufficient amount of oil is added to the mix- 
ture do the oil droplets start to touch and the 


mayonnaise acquires its solid-like consistency. 

Biand colleagues’ experiments’ suggest that 
the jamming diagram should be revisited to 
describe a broader variety of states than the 
strictly jammed and unjammed ones. The 
authors placed a granular material consisting 
of small plastic discs in a box whose side walls 
could be moved in order to compress or shear 
(deform without compression) the material. 
The discs were photoelastic and so permitted 
direct visualization of the forces operating 
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increase antibody binding strength for antigen. 
Whether vaccination can select the appropri- 
ate B-cell specificities and drive sufficient anti- 
body evolution remains to be seen, but this is 
likely to be the major remaining hurdle on the 
way to an antibody-based HIV-1 vaccine. m 
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between them when the material was sub- 
jected to deformation: the more incident light 
that went through the material, the larger the 
forces’. 

The first question Bi et al. addressed was, 
what happens when such granular material is 
sheared? Typically, when we spread mayon- 
naise on a sandwich, smear foam on our skin or 
kicka sandcastle, we unjam these materials. By 
contrast, the authors’ find that, when sheared 
under constant volume, collections of loose, 
unjammed discs build up pressure and resist 
further deformation — they become rigid. 
This phenomenon is reminiscent of Reynolds’ 
dilatancy, in which granular materials expand 
when sheared under constant pressure. A 
familiar manifestation of this is how footprints 
on a wet beach tend to become dry as the 
deformed sand expands and sucks in water. 

The second question Bi et al. tackled 
was, what is the nature of the novel states in 
which mechanical rigidity is generated by 


Figure 1 | Fragile and shear-jammed states. Bi and colleagues’ prepared a granular material consisting 
ofa mixture of plastic discs of diameter 0.74 and 0.86 centimetres and subjected it to shear deformation. 
a, For small applied shear deformation, the material becomes fragile: the discs come into contact with 
each other mostly in one direction (here, vertical). b, For large applied shear deformation, the material 
is said to be shear-jammed: the discs come into contact with each other in more than one direction. 

The intensity of light seen on each grain is proportional to the amount of force it experiences. 
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shearing? The authors show that these states 
are anisotropic, as evidenced by the patterns 
formed by the bright, load-bearing discs. For 
moderate anisotropies, the states seem to be 
fully jammed: they are rigid enough to resist 
deformation in any direction. These are shear- 
jammed states. However, in the case of strong 
anisotropy, the packings become fragile: the 
discs come into contact with each other mostly 
in one direction (Fig. 1). Such fragile packings* 
can resist deformation in some directions but 
not in others. These packings are thus neither 
fully jammed nor fully unjammed. 

To account for their findings, Bi et al. sug- 
gest a modification to the jamming diagram: 
in addition to the areas describing the jammed 
and unjammed states, there should be an 
in-between region for the fragile and shear- 
jammed states (see Fig. 1b of the paper’). All 
of these states should meet near a point known 
as the marginal or jamming point, at which the 
rigidity vanishes. 

This proposed diagram is specifically geared 
towards frictional granular media. But the idea 
of fragile states’, which are extremely suscep- 
tible to perturbation and emerge from the 
marginal point, is more general. Many soft 
materials — including granular media, emul- 
sions, foams and polymer networks — can 
be prepared in a state of vanishing rigidity 
and thus become marginal materials. Several 
examples are emerging’ that show precisely 
how the mechanical response of such mar- 
ginal materials becomes strongly nonlinear. 
The closer they come to the marginal point, 
the lower the driving force needed to access 
this fully nonlinear regime. At the marginal 
point, even the tiniest perturbation produces 
an extremely nonlinear mechanical response. 

One example of the nonlinear behaviour of 
fragile matter is the mechanics of networks of 
randomly arranged springs. These reach a mar- 
ginal state when the average number of springs 
equals twice the number of network nodes. 
Such networks are floppy if fewer springs are 
present and become rigid when extra springs 
are added, provided that they are under rela- 
tively weak stress. Between these two regimes, 
there is a window of extreme response: when 
the spring network is near its marginal state, its 
response becomes completely nonlinear’. 

A second example is the flow of foams and 
soft colloidal suspensions. Under low stress, 
these exhibit a liquid-like state for low den- 
sities and a solid-like state for high densities. 
In between these two states, an intermediate 
regime of nonlinear flow arises”®. 

A third example is waves in granular media. 
Under large pressure, linear elastic waves 
occur. However, at low pressures the mater- 
ial approaches its marginal point, and even a 
gentle touch can generate strongly nonlinear 
shock waves””®. 

Bi and colleagues’ work' underscores the 
surprisingly rich nonlinear physics that 
governs marginal soft matter. The simplest 


manifestation of this nonlinear behaviour 
can be found near the marginal point. 
In many cases, it is unclear exactly what 
happens when such fragile materials are sub- 
jected to stress. But what is clear is that being 
marginal matters. = 
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Molecular wires 
get connected 


A long-standing issue in nanotechnology is how to connect molecular electronic 
devices. A method for splicing nanoscale wires made from different materials 
paves the way for a solution to this problem. 


DARIO M. BASSANI 


hat could be easier than joining two 

wires together? Just about anything, 

if the wires in question are only 
14 nanometres thick. Such nanowires are the 
future of miniaturization for electronics, but 
are so small that they cannot be handled with 
tweezers or through other mechanical means. 
Another problem is that, so far, such wires have 
been composed of only one type of molecule, 
which has limited their potential as compo- 
nents of future electronic devices’. Reporting in 
Science, Zhang et al.” now describe an approach 
for making nanowires in which tubular sec- 
tions made from different molecular building 
blocks are connected together. Developing 
methods for joining materials that have dif- 
ferent electronic properties is an essential step 
towards building nanometre-scale electronic 
devices such as diodes and transistors. 

To achieve their aims, Zhang et al. built disc- 
shaped molecules fitted with long hydrocarbon 
chains on one side and a metal-binding site on 
the other. When the authors allowed a solution 
of the molecules to mix slowly with metha- 
nol, the molecules spontaneously assembled 
into tubes (Fig. 1). This happens because the 
molecules do not dissolve well in methanol — 
as the concentration of the methanol in the 
mixture increases, the disc-shaped molecules 
stick together to avoid being in contact with it. 
As they aggregate, the molecules partly over- 
lay one another in a way that forms tubular 
nanowires. 
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Zhang et al. constructed the central disc of 
the molecules from carbon atoms with the 
same electronic configuration as graphene 
sheets’ — that is, with atoms that form an aro- 
matic, hexagonal network of alternating single 
and double bonds. This makes the molecules 
especially good at transporting charges when 
they are ‘doped’ (mixed with small quanti- 
ties of another compound that partly ionizes 
the molecules) or illuminated with light. The 
authors also prepared similar molecules in 
which some of the hydrogen atoms on the 
periphery of the central disc were replaced by 
fluorine. This reduces the electron density in 
the disc, making the molecules better electron 
acceptors than the non-fluorinated analogues. 
Zhang et al. then used molecular wires made 
from the non-fluorinated molecules as ‘seeds’ 
that promoted the deposition of the fluori- 
nated molecules from solution as new tubular 
segments at the ends of the seed wires (Fig. 1). 

The authors designed their system so that 
the molecules in the different segments of the 
wires do not scramble after they are mixed. 
Such behaviour is highly unusual because it 
seems to undermine a fundamental premise 
of molecular self-assembly: electron-rich mol- 
ecules prefer to mix with electron-poor ones 
to form alternating layers of each, analogous 
to the way that small magnets spontaneously 
align with their magnetic poles opposed. To 
understand why no scrambling occurs, we 
need to consider the basics of self-assembly 
processes. 

Molecular self-assembly is driven by a 
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Figure 1 | Stepwise self-assembly of molecular wires. a, Zhang et al.’ 

have prepared molecules containing disc-shaped cores (blue), to which 
metal-ion-binding groups (green) were appended, and developed conditions 
under which the molecules self-assemble into tubular structures that can be 
used as molecular wires. b, When they exposed the structures to a solution 
of copper ions (Cu’*), the metal-binding groups bound to the ions (inset), 


combination of speed and energy. Typically, 
one finds that architectures in which a system's 
global energy is minimized are favoured over 
higher-energy ones. This is certainly the case 
for dynamic systems* in which molecules con- 
tinuously assemble and disassemble, because 
the molecules can explore all possible struc- 
tural arrangements until they find the one that 
has the global energy minimum. Structures 
that form very quickly can sometimes lock 
molecules into a higher-energy geometry (a 
process known as kinetic trapping), although 
this seldom gives the molecules enough time to 
organize themselves into ordered assemblies. 
The procedure used by Zhang et al. to make 
their seed nanowires — slow diffusion of a 
‘poor’ solvent into a solution of molecular build- 
ing blocks — relies on dynamic self-assembly. 
At first, the molecules are well dissolved and 
can quickly explore many geometries as they 
seek an energy-minimizing structure (a tubular 
assembly). But as the concentration of metha- 
nol slowly increases, the forces between the 
molecules become stronger and they assem- 
ble faster and faster. When a critical concen- 
tration of methanol is reached, the molecules 
are no longer soluble and become locked into 
the tubular nanowire. This kind of approach is 
often used to make structurally robust assem- 
blies of amphiphilic molecules (which contain 
both hydrophilic and hydrophobic groups). The 
problem with this strategy is that it frequently 
leads to a dead end: further growth requires 
the reintroduction of conditions in which 
molecules can dynamically exchange, at 
which point the assemblies rapidly fall apart. 
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To stabilize their seed nanowires, Zhang and 
co-workers made use of a second self-assem- 
bly process known as metal-ion coordination. 
They exposed the seed assemblies to a solution 
of copper ions, so that the metal-ion binding 
sites in the electron-rich molecules bound to 
the ions. This kinetically trapped the nano- 
wires, thus preventing them from dissolving or 
scrambling when placed in a solution of fluori- 
nated molecules. The fluorinated molecules 
could therefore assemble on the ends of the seed 
structures to make molecular wires composed 
of segments, each comprising a single type of 
molecule. The resulting structures contained 
either two or three segments, depending on 
whether the fluorinated molecules assembled 
at one or both ends of the seed wires (Fig. 1). 
Assuming that the electron-rich seed molecules 
are good conductors of positively charged 
particles (p-type materials) and that the elec- 
tron-poor fluorinated molecules are better at 
transporting electrons (n-type materials), then 
the doubly segmented structures are analogous 
to the p-n junctions found in diodes, whereas 
the triply segmented wires are like the p-n-p 
junctions found in transistors. 

When Zhang et al. excited the molecules 
in the assemblies using ultraviolet light, they 
found that adjoining segments communicated 
efficiently with each other by transferring exci- 
tation energy across the junction between the 
segments. The authors also used a technique 
known as transient microwave conductivity to 
determine the decay rate of charge carriers gen- 
erated in wires composed ofa single segment, 
and compared the results with those obtained 
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stabilizing the nanowires. c, The authors then dispersed the nanowires 
in a solution of different disc-shaped molecules, which assembled as 
tubes at one or both ends of the structures. This procedure for making 
nanowires containing segments made of different materials paves the 
way for the construction of interconnected molecular electronic devices. 
(Figure modified from ref. 1). 


from wires composed of different segments. 
They observed that charge carriers in multi- 
segmented wires had the longest lifetimes, 
and attributed this to the presence of junctions 
between materials that have different conduct- 
ing properties in the multi-segmented wires. 

More experiments are needed to support 
the transient conductivity data, particularly to 
show that the presence of different segments 
can lead to desirable behaviour such as recti- 
fication (voltage-dependent modification of 
charge transport, typically observed in diodes). 
In addition, materials containing charged 
species (such as copper ions) are frequently 
viewed as a potential source of problems when 
incorporated into devices because they affect 
charge transport. A means of working around 
this problem might be needed to realize prac- 
tical applications. Nevertheless, Zhang and 
colleagues’ method’ for joining nanowires of 
different compositions is a great stride towards 
overcoming one of the longest-standing 
problems in the field of molecule-based elec- 
tronics: finding a way to connect two or more 
molecular devices. m 
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ASTROPHYSICS 


Cosmic explosions 
under scrutiny 


Stellar explosions known as type Ia supernovae are a significant tool in 
cosmology, but their exact nature is unknown. Two studies bring an 
understanding of these cosmic blasts a step closer. SEE LETTERS P.344 & P.348 


MARIO HAMUY 


ype Ia supernovae are exploding stars 

characterized by an absence of hydro- 

gen, the most abundant chemical 
element in the Universe. There is a general 
consensus that their progenitors are white- 
dwarf stars in two-star systems. But the type 
of star that is the companion to the white 
dwarf remains an open question. To date, no 
progenitor of a type Ia supernova has ever been 
directly observed before its explosion. The 
recently discovered’ supernova SN 2011 fe in 
the galaxy Messier 101, at a distance of only 
6.4 million parsecs (20.9 million light years) 
from Earth, is the closest and brightest found 
in 25 years. As such, it provides a unique 
opportunity to search in discovery data and 
pre-discovery archive images for the pres- 
ence of a progenitor system. Such a search is 
the subject of two papers in this issue, one by 
Nugent et al.’ (page 344) and the other by Li 
etal. (page 348) . 

Type Ia supernovae are so powerful that 
they can outshine an entire galaxy such as 
the Milky Way, with its 200 billion stars, for 
several weeks. White dwarfs are the final evo- 
lutionary state of a star such as the Sun. They 
are Earth-sized ‘diamonds’ made of carbon 
and oxygen (one tablespoon of white dwarf 
weighs ten tonnes) and result from the slow but 
steady nuclear fusion of hydrogen and helium 
over millions of years. After exhausting their 
nuclear fuel, white dwarfs gradually emit their 
stored thermal energy, at a rate of 1/10,000th 
the luminosity of the Sun. 

Under normal circumstances, white dwarfs 
do not explode. Instead, they slowly cool 
down, releasing their internal heat over billions 
of years. However, a dramatically different out- 
come can occur ifa white dwarf gains weight 
by stealing matter from a nearby companion 
star. In such a case, the white dwarf contracts 
(the ideal diet!) and gets hotter. When the star 
reaches a critical mass (1.4 times the mass of 
the Sun), sparks of nuclear reactions begin to 
release heat, thereby increasing the conditions 
for further nuclear reactions. This is a runaway 
situation, and in only one second the whole 
white dwarf explodes as a colossal nuclear 
bomb (equivalent to about 10°° megatonnes 
of TNT), transforming its carbon and oxygen 


mainly into radioactive nickel, cobalt and iron. 

According to theoretical models, there 
are three possible types of companion star 
to a white dwarf: a red giant, which is about 
100 times more luminous than the Sun; a sub- 
giant star or a main-sequence star, which are 
a few times more luminous than the Sun; and 
another white dwarf, which is 10,000 times 
less luminous than the Sun (Fig. 1). Because 
these possible companion stars span such 
a wide range of luminosity, examination of 
the explosion site on pre-discovery images of 
type Ia supernovae should, in principle, allow 
researchers to discriminate between these 
possibilities and ascertain the nature of the 
progenitor. 

In their study, Li et al.’ examined pre- 
discovery images of SN 2011fe obtained by 
the Hubble Space Telescope and found no 
evidence for an object seen before the explo- 
sion. If a red giant was the companion star, it 
should have been detected. This observation 
allowed the authors to exclude a red-giant pro- 
genitor — at least in this case. Unfortunately, 
the depth of the pre-discovery images was not 
sufficient to allow them to exclude a subgiant, 
main-sequence or white-dwarf companion. 
Nevertheless, this result represents a major 
advance in our understanding of the progenitor 
stars of type Ia supernovae. 

Supernova 2011fe was discovered’ on 
24 August 2011 by the Palomar Transient Fac- 
tory (PFT) project’ with the 1.2-metre Samuel 
Oschin Telescope at the Palomar Observatory 
in California. The members of the PTF team 
spotted it just over 11 hours after explosion 
— the earliest detection ever obtained for a 
type Ia supernova. Their prompt reaction to 
the discovery allowed them to analyse the light 
of the object using a spectrograph mounted on 
the robotic Liverpool Telescope in the Canary 
Islands barely 16 hours after detection. 

If you were to watch the explosion ofa house 
in slow motion, the earlier you could observe 
the blast the clearer would be the picture you 
could infer of the building’s initial structure, 
before the debris had destroyed the evidence. 
Likewise, at only about 28 hours after explo- 
sion, the spectrum of SN 2011 fe revealed, as 
Nugent and colleagues” show, the elusive out- 
ermost layers of the exploding star before they 
became invisible because of the dilution caused 
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Figure 1 | Possible progenitors of type Ia 
supernovae. This class of supernova is thought 
to originate from a white-dwarf star that accretes 
matter from a companion star and explodes. 

The companion might be: a, a red-giant star; b, a 
subgiant or main-sequence star; ¢, a second white 
dwarf. Li et al.* exclude the red-giant hypothesis 
for supernova 2011fe. Nugent et al.’ find that the 
companion was probably a main-sequence star. 


by their rapid expansion (7% of the speed of 
light). The authors’ analysis’ of the spectrum 
uncovers light emerging from clouds of oxygen 
and carbon from the surface of the supernova. 
This result confirms the theoretical belief that 
the exploding star is indeed a carbon-oxygen 
white dwarf, and demonstrates that a small 
amount of the white dwarf’s outermost mate- 
rial managed to expand and escape the burn- 
ing front coming from the centre. Although 
traces of carbon have been observed"* in other 
type Ia supernovae, the detection of oxygen is 
unprecedented. In addition, the authors’ study* 
of the supernovas early period of rising lumi- 
nosity shows that the secondary star is most 
consistent with being a main-sequence star. 


A, ESO; B, STSCI, NASA; C, NASA/T. STROHMAYER (GSFC)/D. BERRY (CHANDRA X-RAY OBSERV.) 


Type Ia supernovae are not only important 
astrophysical objects in their own right; 
they also provide the most precise means of 
measuring distances to remote galaxies. The 
calibration of their luminosities in the early 
1990s through the Calan/Tololo project’ 
allowed two groups of astronomers, headed by 
Brian Schmidt and Saul Perlmutter, to discover 
in 1998-99 that, contrary to expectation, the 
Universe is undergoing an accelerated expan- 
sion owing to a mysterious dark energy that 
constitutes 70% of the Universe’s content*”. 
This amazing discovery has been recognized 
with this year’s Nobel Prize in Physics. Not 
knowing the exact nature of type Ia super- 
novae, which have such a crucial place in cos- 
mology, is an embarrassing situation. Although 
the studies of Nugent et al.’ and Li et al.’ on 
SN 2011fe do not yet provide a definitive 
answer to this question, they are a reassuring 
step forward — one that lends support to our 
ideas about the nature of type Ia supernovae. 

A conclusive answer to this fascinating 
question will have to await the discovery of 
other type Ia supernovae in galaxies closer to 


Earth than Messier 101. Because such super- 
novae are rare events — they occur once every 
two centuries in a typical galaxy such as our 
own" — and because there are only a handful of 
galaxies closer than Messier 101, we might have 
to wait 30 years for another such event. With 
patience and luck, we might even be rewarded 
in our lifetimes with a supernova in the 
Milky Way. = 
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A drug-resistant duo 


The efficacy of the anticancer drug vemurafenib, which is used to treat metastatic 
melanoma, is plagued by acquired resistance. A picture of how such resistance 


develops is emerging. SEE LETTER P.387 


HUGO LAVOIE & MARC THERRIEN 


emurafenib (also known as PLX4032) 
\ / is a promising drug. Newly approved 
by the US Food and Drug Administra- 
tion, it is currently the best prospect against 
metastatic melanoma, the deadliest form of 
skin cancer’. The drug selectively inhibits 
an oncogenic form of B-RAF, a protein that 
drives cell proliferation. Unfortunately, most 
patients acquire resistance to vemurafenib 
within a year of treatment’. All modes of resist- 
ance discovered so far involve circumvention 
of this mutant B-RAF. But on page 387 of this 
issue, Poulikakos and colleagues* report anew 
mechanism of resistance — enhanced dimeri- 
zation of the kinase domain of mutant B-RAF. 
Dimerization normally activates the wild-type 
protein. 

‘Gain-of-functiom mutations in the B-RAF 
gene are found in about 50% of human mela- 
nomas, and its sustained expression is required 
for tumour-cell proliferation and survival’. 
Therefore, extensive efforts have been devoted 
to developing selective B-RAF inhibitors, espe- 
cially those that, like vemurafenib, target its 
most prevalent oncogenic variant, B-RAPY™, 

In normal cells, B-RAF functions in the 


RAS/ERK molecular signalling pathway, which 
has a prominent role in regulating proliferation 
and survival’. The minimum components of 
this pathway are a cell-membrane-associated 
protein, RAS, and three protein kinases — a 
RAF family member (such as B-RAF), MEK 
and ERK — which convey RAS signals along 
the pathway (Fig. la). On association with 
signal-activated RAS, the kinase domains of 
two RAF proteins form a dimer, resulting in 
their activation’. 

When activated by a gain-of-function 
mutation, B-RAF induces ERK activity inde- 
pendently of the normal signals, leading to the 
development of multiple cancers (Fig. 1b)°. In 
melanoma, inhibition of the mutant molecule 
B-RAF‘®” by vemurafenib shuts down ERK 
activity and rapidly leads to tumour regres- 
sion’ *. However, acquired resistance to vemu- 
rafenib is a serious limitation, and several 
laboratories are hard at work investigating the 
underlying causes. 

Previous efforts have uncovered four 
mechanisms that counteract vemurafenib 
effectiveness, all of which bypass B-RAFYO, 
In three cases, ERK signalling is reactivated 
through alternative entry points in the path- 
way, whereas the fourth mechanism involves 
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50 Years Ago 


For more than one hundred years, 
the Royal Greenwich Observatory 
has been responsible for providing 
exact time signals for a wide variety 
of users both in Britain and abroad. 
In recent years this service has 
become increasingly important in 
various fields of scientific research 
where extreme accuracy is essential. 
In order to provide the various users 
with more frequent opportunities 
for checking the time, the present 
twice-daily transmissions from 
Rugby were increased to four as from 
December 1 ... As long ago as 1833, 
the Royal Greenwich Observatory 
provided hourly time signals for 

the operation of ‘time balls, which 
were devices consisting of a large 
ball secured to the top ofa mast 

and released by a special catch at a 
precise time. One such ball is still 

in use in the grounds of the old 
Observatory at Greenwich. 

From Nature 16 December 1961 


100 Years Ago 


In the volume on mammals in the 
“Fauna of British India,’ the late 

Dr. W. T. Blanford stated that the 
black-buck (Antilope cervicapra) 
living on a spit of sand between the 
Chilka Salt Lake, in Orissa, and the 
sea, never drank, as there is no water 
on the spit except in deep wells. 

The statement has been strongly 
controverted by various writers, 

one at least of whom has suggested 
that the antelopes obtain water from 
sheep-troughs. Of late years it has, 
however, been conclusively shown 
that giraffes, kudu, and gemsbok 
live for a considerable portion of the 
year in the Kalahari Desert without 
drinking, obtaining such moisture 
as they require from the succulent 
roots of certain plants ... The case of 
the Chilka black-buck accordingly 
requires reinvestigation in order to 
ascertain whether they too may be 
able to obtain moisture from plants. 
From Nature 14 December 1911 
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Figure 1 | The two faces of oncogenic B-RAF. a, In normal cells, signal-activated RAS recruits B-RAF to 
the cell membrane and activates its kinase domain through dimerization. Active B-RAE, in turn, triggers 
MEK and ERK protein kinases, through phosphorylation (P), to promote cell proliferation and survival. 
b, The mutant molecule B-RAF’™ constitutively sends signals to MEK and ERK even in the absence 

of activation by RAS. B-RAFY is highly sensitive to inhibition by the anticancer drug vemurafenib. 
Poulikakos et al.‘ report that B-RAF“™ essentially works as a monomer. c, The authors also show that 
p61B-RAFY™ — the truncated variant of B-RAF’" — has an increased propensity to form dimers and 


that this is associated with resistance to vemurafenib. 


an ERK-independent pathway* ’. The preva- 
lence of these mechanisms remains uncertain, 
as too few patient samples have been analysed. 

To identify other processes that impart 
vemurafenib resistance, Poulikakos et al.* 
continuously exposed melanoma cells carry- 
ing B-RAF’™” to the drug and derived five 
resistant clones. In none of these cell lines did 
drug resistance seem to depend on the mecha- 
nisms described previously. Instead, three lines 
expressed a truncated form of the B-RAFY°™ 
protein (p61B-RAF’*), which was derived 
from abnormal messenger RNA transcripts 
lacking specific exons (protein-coding 
sequences). The authors did not explore the 
molecular lesions behind this exon-skipping 
defect. 

Two lines of evidence linked p61B-RAFY°™ 
expression to vemurafenib resistance. Selective 
depletion of this truncated protein resensitized 
the cells to vemurafenib. And its introduction 
in vemurafenib-sensitive B-RAFY" mela- 
noma cells caused drug resistance. 

Vemurafenib potently inhibits B-RA 
by disrupting the activity of its kinase domain. 
Yet Poulikakos and co-workers report that 
— unlike other drug-resistant oncogenic 
kinases'’’? — p61B-RAF’®”™ contained no 
new mutation in its kinase domain. The 
authors note that the sequences missing in 
truncated p61B-RAFY®” encompass a region 
that normally suppresses dimerization of the 
RAF kinase domain. Indeed, p61 B-RAFYO 
exhibited increased dimerization. 

To verify the potential connection between 
dimerization and drug resistance, the research- 
ers introduced a mutation preventing dimer 


V600E 
F 


formation and compared the activity of 
supposedly monomeric versus dimeric vari- 
ants. They made two startling observations. 
First, monomeric forms of full-length and 
truncated B-RAF’®” were as active as their 
dimeric versions. Although it requires sub- 
stantiation with further complementary 
evidence, this intriguing result suggests that, 
unlike wild-type RAF proteins, the B-RAF YO 
oncoprotein does not require dimerization 
for its activity (Fig. 1b). Second, monomeric 
p61B-RAF’™ was as sensitive to vemurafenib 
as was B-RAFY°*, which suggests that dimeri- 
zation per se offsets the inhibitory effect of the 
drug. But how does this work? 

RAF inhibitors, including vemurafenib, have 
two counter-intuitive abilities: on increased 
RAS activity, they promote RAF dimerization 
and also mediate activation, within the RAF- 
RAF dimer, of the drug-free RAF monomer by 
its drug-bound partner’*"’. Because sequence 
deletions in p61B-RAFY”” mimic increased 
RAS signalling, a similar mechanism could be 
involved here (Fig. 1c). If so, vemurafenib treat- 
ment should augment p61B-RAFY™ dimeri- 
zation and activity. Another, not mutually 
exclusive, possibility is that binding of the drug 
to one of the monomers in the p61B-RAFY" 
dimer inhibits drug binding to the other 
monomer, thereby maintaining one monomer 
catalytically active per dimer and so mediating 
drug resistance. Although this second possibil- 
ity is yet to be demonstrated, crystallographic 
evidence’ supports it. 

Poulikakos and co-workers’ findings are 
fascinating from a mechanistic standpoint, 
but are they clinically relevant? The authors 


330 | NATURE | VOL 480 | 15 DECEMBER 2011 


© 2011 Macmillan Publishers Limited. All rights reserved 


report that 6 of 19 samples from patients 
with drug-resistant melanoma expressed 
B-RAFY*”™ truncation variants similar to 
p61B-RAF’”, This sample number is too 
small to assess p61B-RAF’™” prevalence. 
Nonetheless, the finding is impressive for 
suggesting that enhanced B-RAFY™ dimeri- 
zation significantly contributes to acquired 
vemurafenib resistance in patients with 
melanoma. In addition to analysing larger 
sample numbers, these observations should 
be corroborated in animal models. 

This and related studies indicate that any 
event promoting RAF dimerization will lead 
to resistance to vemurafenib and possibly to 
other similar RAF inhibitors. How can we 
get around this problem? As Poulikakos et al. 
suggest, co-administering RAF and MEK 
inhibitors could be a way forward. Indeed, 
as p61 B-RAF’ "expressing cells have been 
found to remain sensitive toa MEK inhibitor’, 
shutting off both RAF and MEK activity might 
prevent the growth of resistant cells. 

Anattractive alternative would be to develop 
inhibitors of RAF dimerization for use in 
combination therapy with vemurafenib. The 
added advantage of this approach is that such 
inhibitors could be used to treat other RAF- 
dependent cancers, in particular those driven 
by activated RAS and for which several of the 
currently available RAF inhibitors are likely to 
be harmful, owing to their paradoxical ability 
to drive RAF dimerization and activation in the 
presence of high RAS activity’. 

Patient relapse following single-agent ther- 
apies is unfortunately the norm rather than 
the exception. Identifying the causal events, 
as Poulikakos et al. have done in this study, 
should assist the design of next-generation 
inhibitors or of combination therapy. = 
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A disinhibitory microcircuit for associative 
fear learning in the auditory cortex 


Johannes J. Letzkus!*, Steffen B. E. Wolff'*, Elisabeth M. M. Meyer’, Philip Tovote', Julien Courtin’, Cyril Herry* 


& Andreas Liithi! 


Learning causes a change in how information is processed by neuronal circuits. Whereas synaptic plasticity, an 
important cellular mechanism, has been studied in great detail, we know much less about how learning is 
implemented at the level of neuronal circuits and, in particular, how interactions between distinct types of neurons 
within local networks contribute to the process of learning. Here we show that acquisition of associative fear memories 
depends on the recruitment of a disinhibitory microcircuit in the mouse auditory cortex. Fear-conditioning-associated 
disinhibition in auditory cortex is driven by foot-shock-mediated cholinergic activation of layer 1 interneurons, in turn 
generating inhibition of layer 2/3 parvalbumin-positive interneurons. Importantly, pharmacological or optogenetic 
block of pyramidal neuron disinhibition abolishes fear learning. Together, these data demonstrate that stimulus 
convergence in the auditory cortex is necessary for associative fear learning to complex tones, define the circuit 
elements mediating this convergence and suggest that layer-1-mediated disinhibition is an important mechanism 
underlying learning and information processing in neocortical circuits. 


The transformation of sensory input to an appropriate behavioural 
output is accomplished by neuronal circuits that process information 
through dynamic interactions between distinct types of neurons. 
Learning as an adaptive change of an animal’s behaviour modifies these 
network computations. Important cellular mechanisms underlying 
learning are thought to be activity-dependent synaptic plasticity’ and 
subsequent structural modifications’. In contrast to our detailed under- 
standing of these cellular mechanisms, the factors and circuit elements 
controlling neuronal activity and concomitant induction of plasticity 
during learning in the intact animal remain poorly understood. 

Neocortical interneurons exert powerful control over circuit activity 
by supplying inhibition to surrounding pyramidal neurons and to 
other interneurons’. The balance of excitation and inhibition is critical 
to circuit function, and is maintained under most conditions including 
sensory stimulation, when thalamocortical input typically recruits 
feed-forward inhibition a few milliseconds after direct excitation*”. 
This form of inhibition is mainly supplied by basket cells, the most 
abundant type of interneuron in the rodent neocortex’. Fast-spiking 
basket cells establish strong synapses with high release probability on 
the perisomatic region of pyramidal neurons where they control firing, 
and express the calcium-binding protein parvalbumin (PV)**’”. 

On top of the glutamatergic recruitment of inhibition by sensory 
input, several types of interneurons are also major targets of neuro- 
modulation*""’, suggesting that these systems can profoundly affect 
circuit computations by shifting the excitation—inhibition balance’. 
This has mainly been addressed in vitro, revealing a staggering com- 
plexity of effects which strongly depend on interneuron type*"'. Given 
that neuromodulation has a key role in learning'*", it is likely that 
interneurons are engaged in these processes. However, the contri- 
bution of different interneuron types to learning in the intact animal 
remains elusive. 

Auditory fear conditioning is a form of associative learning acquired 
by temporal coincidence of a neutral conditioned stimulus (CS, a 
tone) with a mild foot shock. Fear conditioning causes prominent, 


long-lasting plasticity of CS responses in auditory cortex'?°, which 
depends on the activity of cholinergic afferents from the basal 
forebrain’’’*"*. Pairing of tones with basal forebrain stimulation can 
elicit similar plasticity in auditory cortex'*”, and a recent study sug- 
gests an involvement of pyramidal neuron disinhibition in this pro- 
cess'’. Here, we investigate the contribution of identified types of 
auditory cortex interneurons to acquisition of auditory fear memory. 
Our results indicate that foot shocks, via recruitment of cholinergic 
basal forebrain afferents, activate a disinhibitory neocortical micro- 
circuit that is required for fear learning. 


Nicotinic activation of L1 interneurons by foot shocks 


Fear memory acquisition critically depends on the amygdala’®. In 
contrast, the role of auditory cortex is contentious, with evidence both 
for’? and against an essential function in auditory fear condition- 
ing’’’. Based on the hypothesis that stimulus complexity determines 
the engagement of neocortex’®, we performed differential fear condi- 
tioning using trains of upward and downward frequency-modulated 
sweeps as the CS (Fig. 1a, modulation between 5 and 15 kHz). To test 
directly the role of auditory cortex in this paradigm, we inhibited 
neuronal activity during fear conditioning by local injection of the 
GABA, (y-aminobutyric acid)-receptor agonist muscimol into the 
auditory cortex (Fig. la and Supplementary Fig. 1). When tested 
24h later in a drug-free state, this manipulation resulted in strongly 
reduced fear levels (Fig. 1b), indicating that activity in auditory cortex 
is required for fear learning in this paradigm. 

We next focused on the circuit mechanisms underlying acquisition 
of fear memory in the auditory cortex (defined here as areas Al and 
AuV). The role of the auditory cortex could be that of an essential relay 
for tone information to downstream structures like the amygdala. 
Alternatively, foot shocks alone might also elicit activity in the auditory 
cortex, and convergence of tone and foot-shock information during 
fear conditioning could then contribute to fear learning. To distinguish 
these alternatives, we used two-photon calcium imaging of neurons in 
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Figure 1 | Foot-shock responses in auditory cortex L1 interneurons. a, Left, 
injection of the GABA,-receptor agonist muscimol (red) into the auditory 
cortex (blue). Right, differential fear-conditioning protocol using frequency- 
modulated sweeps. b, Drug-free freezing 1 day after conditioning in a new 
context. Compared to vehicle-injected mice (grey), muscimol reduced freezing 
to both CS” and CS* (red). ¢, Cytoarchitecture of upper layers of auditory 
cortex (interneurons grey, pyramidal neuron black). d, Two-photon calcium 
imaging in head-fixed, anaesthetized mice using OGB-1 AM (green) and 
sulforhodamine 101 (red, counterstains glial cells). e, Left, responses in L1 and 
12/3 to foot shocks in single neurons (grey) and the population average (red). 
Right, L1 interneurons display much stronger activation than L2/3 neurons. 
f, Two-photon targeted loose-seal cell-attached recording of L1 interneuron 
(green). g, Example traces (left) and z-scored population peri-stimulus time 
histograms (right) of two types of foot-shock responses in L1 interneurons. 
Inset, incidence of response type. Values are mean + s.e.m. *P < 0.05, 

***P <0),001. Statistical analysis in Supplementary Information. 


the superficial layers of the auditory cortex in mice anaesthetized with 
chlorprothixene and urethane (Fig. 1c, d). Trains of frequency- 
modulated sweeps used as the CS strongly activated neurons in layer 
2/3 (L2/3, Supplementary Fig. 2), whereas mild foot shocks applied to 
the hindpaws evoked little response (Fig. le and Supplementary Fig. 2). 
In marked contrast, the population of neurons located in L1 displayed 
strong activation by foot shocks (Fig. le). Layer 1 is unique in the 
neocortex because it contains only very few neuronal somata, almost 
all of which are GABAergic interneurons”. To investigate their 
activation in more detail, we used two-photon targeted loose-seal 
cell-attached recordings” (Fig. 1f). These experiments showed that 
LI interneurons are tonically active (baseline frequency 3.2 + 0.5 Hz, 
n= 30), and confirmed that the majority of Ll interneurons are 
strongly activated by foot shocks, while a minority (23%) displayed 
inhibition during and after foot shocks (Fig. 1g and Supplementary 
Fig. 3). The excitatory response was also present when foot shocks were 
paired with tones, whereas L1 interneurons did not show pronounced 
responses to tones alone (Supplementary Fig. 4). Interestingly, we 
observed a very similar activation of L1 interneurons by foot shocks 
in the primary visual cortex (Supplementary Fig. 5), indicating that the 
relevance of this pathway may extend beyond auditory memory 
acquisition. 

Layer 1 is a prominent feedback pathway in the neocortex, contain- 
ing both glutamatergic projections from higher cortical areas’’”* (and 
from non-specific thalamic nuclei*’) and cholinergic afferents from 
the basal forebrain, the major source of acetylcholine in the rodent 
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neocortex'**°**, We next sought to identify the afferent pathways 
mediating activation of L1 interneurons during foot shocks. Local 
bath-application of the glutamate receptor antagonist NBQX 
(1 mM) strongly reduced baseline firing frequency (Supplementary 
Fig. 6), but left the foot-shock response in L1 interneurons intact 
(Fig. 2a, b and Supplementary Fig. 6, see below). In contrast, com- 
bined application of the nicotinic acetylcholine receptor (nAChR) 
antagonists mecamylamine and methyllycaconitine (1 and 0.1 mM, 
respectively) abolished the L1 interneuron response almost completely 
(Fig. 2c and Supplementary Fig. 6), and drastically reduced baseline 
firing (Supplementary Fig. 6). In agreement with the interpretation 
that cholinergic basal forebrain afferents generate foot-shock res- 
ponses in LI interneurons, electrical microstimulation of the basal 
forebrain caused strong excitation of L1 interneurons in the absence 
of foot shocks (Fig. 2d and Supplementary Fig. 6). Activation of the 
basal forebrain by foot shocks is expected to have a longer latency than 
thalamocortical signalling’*. Latency analysis showed that L1 inter- 
neuron activation was biphasic, with an early, glutamatergic peak 
(onset 10 to 20 ms after shock onset) which may originate from non- 
lemniscal thalamus”, and a later, nicotinic peak (onset 40 to 50 ms after 
shock onset) that outlasted the foot shock and contained the majority 
of spikes (Fig. 2 insets). As previously reported”, recordings from brain 
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Figure 2 | Nicotinic activation of L1 interneurons by foot shocks. 

a, Population response of L1 interneurons to foot shocks. Insets in a-d are at 
high temporal resolution (10-ms bins). The control response was biphasic 
(onset 10-20 ms after foot-shock onset). b, Local application of the glutamate 
receptor antagonist NBQX left the response intact, but selectively eliminated 
the early peak, indicating its glutamatergic nature (inset, onset latency 40- 

50 ms). ¢, Local block of nAChRs by mecamylamine and methyllycaconitine 
(MEC&MLA) strongly reduced foot-shock responses, selectively eliminating 
the later, broader peak (inset). d, Electrical microstimulation of the basal 
forebrain activated L1 interneurons after 10 to 20 ms (inset, n = 4). e, Whole- 
cell recording of a L1 interneuron (black, soma and dendrites; red, axon) in 
auditory cortex slices during puff application of nicotine (100 1M, 20 ms). 

f, Left, example nicotine responses in control and after bath-application of 
mecamylamine (100 LM) and methyllycaconitine (0.1 |1M; grey, single trials; 
red, average). Right, all L1 interneurons displayed nicotine responses (n = 17), 
which were blocked by the nAChR antagonists (n = 8). Values are 

mean + s.e.m. **P < 0.01. Statistical analysis in Supplementary Information. 
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slices showed that all L1 interneurons showed responses to nicotine 
puffs (Fig. 2e, f) that were blocked by the same antagonists that abol- 
ished foot-shock responses in vivo (Fig. 2f), and could fire L1 inter- 
neurons (Supplementary Fig. 7). In summary, these results indicate 
that activity of cholinergic basal forebrain neurons is both necessary 
and sufficient to fire L1 interneurons during foot shocks, and that 
acetylcholine activates nAChRs on L1 interneurons. This implies that 
acetylcholine is released rapidly (<50 ms) after an aversive stimulus. 
Activation of L1 interneurons in turn is likely to have a central role in 
fear-conditioning-related plasticity in the cortex. 


L1 interneurons inhibit L2/3 PV* interneurons 


How do foot-shock responses in L1 interneurons affect processing in 
the local microcircuit? There is evidence that L1 interneurons can 
inhibit interneurons in L2/3 during nicotinic activation”. Fast-spiking, 
PV~ interneurons are the most abundant type of interneuron in the 
neocortex’. We injected a conditional adeno-associated virus (AAV) 
expressing a fluorescent marker (venus) into auditory cortex of PV- 
ires-Cre mice* to label these cells selectively (Fig. 3a). Targeted record- 
ings revealed that PV~ interneurons in L2/3 are tonically active under 
baseline conditions (5.9 + 1.2 Hz, n = 17), similar to fast-spiking inter- 
neurons in awake, head-fixed mice**. Foot shocks caused prominent, 
long-lasting inhibition of firing in the majority of PV* interneurons 
(88%, Fig. 3b and Supplementary Fig. 8), while the remaining two 
neurons displayed an excitatory response (Supplementary Fig. 9). 
Inhibition of PV* interneurons was strongly reduced by the nAChR 
antagonists mecamylamine and methyllycaconitine (Fig. 3b and 
Supplementary Fig. 8), which also blocked excitation of L1 interneurons 
by foot shocks (Fig. 2c). Because PV" fast-spiking interneurons lack 
intrinsic responses to acetylcholine’®”’, this result is consistent with 
direct inhibition of PV interneurons by L1 interneurons. In line with 
this interpretation, we observed morphological and functional synaptic 
contacts between L1 interneurons and PV~ interneurons (Supplemen- 
tary Fig. 10). In addition, the time course of foot-shock responses in the 
two populations matches (Supplementary Fig. 11). Taken together, 
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Figure 3 | Aversive shocks inhibit layer 2/3 PV* interneurons. a, Expression 
of venus in L2/3 PV* interneurons. b, Cell-attached recordings from pvt 
interneurons in control (top) show strong inhibition of spontaneous firing by 
foot shocks (left, example traces; right, population response). This response was 
strongly reduced in the presence of mecamylamine and methyllycaconitine 
(bottom). c, Single-unit recordings in the superficial layers of auditory cortex in 
freely behaving mice. d, Putative interneurons (red) were separated from 
putative pyramidal neurons (black) by unsupervised cluster analysis. Inset, 
example action potential (AP) waveforms (scale bar 400 1s). e, z-scored activity 
of putative interneurons showing inhibition by periorbital shocks during fear 
conditioning. Note recruitment by the CS* and subsequent inhibition by the 
shock (n = 9 of 24 putative interneurons, Supplementary Fig. 12). 
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these data indicate that L2/3 fast-spiking PV interneurons are inhibited 
by L1 interneurons during foot shocks. 

To test whether this mechanism is also engaged in awake, freely 
moving animals, we implanted mice with single-unit recording elec- 
trodes in the superficial layers of the auditory cortex (Fig. 3c and 
Supplementary Fig. 12). Putative interneurons were distinguished 
from putative pyramidal neurons using unsupervised cluster analysis 
(Fig. 3d and Supplementary Fig. 12). Recordings during fear condi- 
tioning confirmed that a large population of putative interneurons is 
inhibited during and after an aversive shock (Fig. 3e and Supplemen- 
tary Fig. 12). The same neurons were activated by the CS, indicating 
that the shock removes feed-forward inhibition in pyramidal neurons 
during auditory input. A similar proportion of putative interneurons 
displayed either excitation or no response to shocks (Supplementary 
Fig. 12). These data are consistent with the interpretation that excita- 
tion of Ll interneurons by aversive stimuli serves to remove both 
spontaneous and feed-forward inhibition provided by PV inter- 
neurons to surrounding pyramidal neurons in behaving mice. 


Disinhibition of L2/3 pyramidal neurons 


PV* basket cells provide strong, perisomatic inhibition to local 
pyramidal neurons**”"°. To test directly whether disinhibition is 
the main effect of foot shocks in auditory cortex L2/3 pyramidal cells, 
we used whole-cell recordings. Foot shocks elicited a depolarization 
from rest in all neurons tested (5 + 1.1 mV, n = 6, Fig. 4a). The ampli- 
tude increased at more depolarized membrane potentials (Sup- 
plementary Fig. 13), consistent with a response mediated by strong 
disinhibition and weak excitation**. Application of nAChR antagonists 
converted the foot-shock response to a net inhibition (Fig. 4a), suggest- 
ing an involvement of the disinhibitory circuit described here, and 
perhaps indicating that its block unmasks a component of inhibition 
recruited by foot shocks. Finally, recordings under conditions isolating 
inhibitory postsynaptic currents (IPSCs)’” revealed a drastic reduction 
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Figure 4 | Aversive shocks disinhibit L2/3 pyramidal neurons. a, Top left, in 
vivo whole-cell current-clamp recording of an auditory cortex pyramidal 
neuron during foot shocks. Bottom left, foot-shock response in the presence of 
mecamylamine and methyllycaconitine. Response area recorded at rest was 
reduced by nAChR antagonists (right). b, Whole-cell voltage-clamp recordings 
of inhibitory postsynaptic currents in pyramidal neurons show a strong 
reduction in IPSC frequency during and after foot shocks (top, example traces; 
bottom, population data, Vj,.1q0 to +20 mV). ¢, Left, example response of a L2/ 
3 neuron to frequency-modulated sweeps (top) and sweeps paired with foot 
shocks (bottom) recorded with two-photon calcium imaging. Right, foot 
shocks caused a threefold enhancement of sweep response area in L2/3. 

d, Single-unit recordings of putative pyramidal neurons with significant 
response to the CS* in freely-behaving mice during fear conditioning. Note 
strong activation by coincidence of sweep and shock. Values are mean + s.e.m. 
**P< 0.01, ***P < 0.001. Statistical analysis in Supplementary Information. 
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of IPSC frequency during and after the foot shock (Fig. 4b). These 
results indicate that inhibition of PV" interneurons is a dominant 
influence shaping foot-shock responses in pyramidal neurons, and 
are in line with the observation that basal forebrain stimulation causes 
disinhibition of pyramidal cells’’. 

Given that acetylcholine can affect many stages of neocortical 
information processing*', we next aimed to determine how sensory 
input interacts with foot-shock-mediated disinhibition. We imaged 
calcium responses to tones in L2/3 of auditory cortex, and compared 
them to presentations of the same tones in conjunction with foot 
shocks (Fig. 4c and Supplementary Fig. 14). This experiment revealed 
that foot shocks cause a strong enhancement of the calcium signal 
integral, suggesting that tone/shock compounds elicit much greater 
activity than tones alone. A similar observation was made with extra- 
cellular recordings in freely moving mice, where coincidence of tone 
and shock excited putative pyramidal neurons much more than tone 
alone (Fig. 4d). This effect was highly supralinear in both experiments 
because shocks alone elicited almost no activity in these neurons 
(Supplementary Fig. 14). In summary, we provide evidence that L2/ 
3 pyramidal neurons are disinhibited by aversive stimuli via inhibition 
of PV* interneurons. 


Fear learning requires auditory cortex disinhibition 

To determine whether activation of nAChRs contributes to fear learn- 
ing, we applied mecamylamine and methyllycaconitine locally into 
the auditory cortex before fear conditioning (Fig. 5a and Supplemen- 
tary Fig. 1). When tested 24h later in drug-free state, this manipula- 
tion resulted in strongly reduced fear levels (Fig. 5b), consistent with a 
requirement for nicotinic activation of L1 interneurons. However, L1 
interneurons are not the only circuit elements expressing 
nAChRs**"’. To test further whether disinhibition specifically during 
the foot shock contributes to fear learning, we used channelrhodopsin-2 
(ChR-2)*” expression in PV™ interneurons (Fig. 5c and Supplementary 
Figs 15 and 16). Mice with chronic, bilateral optic fibre implantation 
(Fig. 5d) were subjected to differential fear conditioning in which 
optogenetic stimulation of PV* interneurons occurred during and 
for 5s after the foot shock (Fig. 5e), the period during which we 
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Figure 5 | Auditory cortex disinhibition is required for fear learning. 

a, Injection of mecamylamine and methyllycaconitine (red) into auditory 
cortex (blue) before fear conditioning. b, Drug-free freezing in a novel context 
one day after conditioning. Compared to vehicle-injected mice (grey), nAChR 
antagonism reduced freezing to both CS” and CS* (red). c, Stimulation of 
ChR-2 expressing PV" interneurons (green) in auditory cortex (red) via an 
optic fibre (blue). d, Optogenetic manipulation in freely behaving mice. 

e, Differential fear conditioning protocol with optogenetic stimulation during 
and for 5 s after every foot shock. f, Freezing in a novel context without laser 
stimulation one day after conditioning. Compared to identically treated sham- 
injected littermates (black), virus-injected mice (blue) exhibit drastically 
reduced freezing to the CS*. Reconditioning without optogenetic stimulation 
yielded strongly enhanced freezing (red) that was indistinguishable from sham. 
Values are mean ~ s.e.m. **P < 0.01, ***P < 0.001. Statistical analysis in 
Supplementary Information. 
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observed inhibition of these neurons (Fig. 3b). When tested 24h later 
without optogenetic stimulation, these mice showed strongly reduced 
fear responses to the conditioned stimulus compared to sham-injected 
littermates (Fig. 5f). Reconditioning without optogenetic manipulation 
yielded normal fear learning (Fig. 5f). In addition, we ruled out the 
possibility that foot shock perception was perturbed by optogenetic 
stimulation and that laser illumination itself was perceived as a condi- 
tioned stimulus (Supplementary Fig. 17). Together, these data indicate 
that nicotinic disinhibition of the auditory cortex selectively during 
foot shock is required for associative fear learning. 


Discussion 


Using targeted recordings from identified populations of auditory 
cortex neurons in conjunction with single-unit recordings, phar- 
macological and optogenetic manipulations in behaving mice, we 
have identified a disinhibitory microcircuit required for associative 
learning. Our data show that L1 interneurons play a central role in 
conveying information about an aversive stimulus to auditory cortex. 
Activity of L1 interneurons was tightly controlled by endogenous 
acetylcholine released from basal forebrain cholinergic projections, 
which determined baseline firing and acutely activated the majority of 
L1 interneurons during foot shocks, while a sub-set responded with 
inhibition. Given that all Ll interneurons express functional 
nAChRs” (Fig. 2), a likely source of this inhibition are synaptic inter- 
actions within L1 (ref. 25). Layer 1 contains several morphologically 
distinct subtypes of interneurons” ****, and it remains to be deter- 
mined whether foot-shock response type correlates with morphology. 
A strikingly similar activation by foot shocks was also observed in the 
primary visual cortex, which could underlie aspects of contextual fear 
learning and indicates that cholinergic activation of L1 interneurons 
may be a general feature of neocortical organization. Together, these 
results add to mounting evidence that L1 is a prominent locus of 
feedback signalling in the neocortex’’*** and begin to define how 
feedback signals interact with thalamocortical feed-forward informa- 
tion during memory acquisition. Interestingly, L1 interneurons also 
receive prominent corticocortical feedback’, and are responsive to 
dopamine” and serotonin™, indicating that, depending on the nature 
of the learning task, different systems can feed into the microcircuit 
described here. 

Foot shocks reduced both spontaneous and feed-forward periso- 
matic inhibition provided by basket cells, thus disinhibiting pyramidal 
neurons. Importantly, we cannot rule out that electrotonically remote 
dendritic sites received unchanged or even increased inhibition, for 
instance from L1 neurogliaform cells****, which could serve to com- 
partmentalize induction of synaptic plasticity. Nicotinic enhancement 
of inhibitory input to pyramidal neurons has been observed in vitro". 
Therefore, the level of ongoing inhibition onto pyramidal neurons, as a 
prerequisite for disinhibition, may determine whether the net effect of 
nAChR activation is inhibitory or disinhibitory. Disinhibition is an 
attractive mechanism for learning because it is permissive for strong 
activation and concomitant plasticity induction, but not necessarily 
causative. Rather, the available sensory input at the time of the aversive 
stimulus can select the circuit elements for plasticity induction in a 
bottom-up fashion. In addition, other cholinergic actions like enhance- 
ment of thalamocortical transmission''* and reduced GABA release 
from basket cell synapses’? may have acted in synergy with the micro- 
circuit described here to boost sensory responses. 

Disinhibition of pyramidal neurons by foot shocks in turn probably 
gated the induction of activity-dependent plasticity in the auditory 
cortex'®’” and at cortical afferents to the amygdala’*. In parallel, cho- 
linergic activation of L1 interneurons may also contribute to memory 
expression, because basal forebrain neurons acquire a conditioned 
response during learning*'**. Irrespective of the plasticity loci, our 
results delineate a role for the auditory cortex in fear conditioning 
to complex tones that goes beyond mere signalling of tone information 
to the amygdala’*~’. Rather, we observe that stimulus convergence 
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and concomitant auditory cortex disinhibition are essential for fear 
learning. It is likely that the use of complex, naturalistic tones has 
emphasized the role of the auditory cortex"*, because fear conditioning 
to pure tones is often unaffected by auditory cortex lesions’””' (but see 
refs 19 and 20). 

Beyond memory formation, cholinergic transmission is well 
known to mediate functions such as arousal and attention*®’’. 
Interestingly, the transition from quiet wakefulness to active whisking 
is associated with a sharp drop in firing of fast-spiking interneurons in 
the barrel cortex**, which is reminiscent of foot-shock responses in 
these neurons, and perhaps implies that cholinergic gating by inhibi- 
tion of PV“ interneurons is a general hallmark of active brain states. 


METHODS SUMMARY 

Male C57BL6/J mice (1.5 to 6months old) were used. Full details of animals, 
materials and methods used for two-photon calcium imaging***’, patch-clamp”° 
and single-unit recordings, pharmacological and optogenetic intervention®” and 
behaviour*® are provided in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Animals. Male C57BL6/J mice (1.5-6 months old, Harlan and Janvier) were 
housed under a 12h light/dark cycle, and provided with food and water ad 
libitum. Prior to fear conditioning, mice were individually housed for = 7 days 
and habituated to handling = 5 times. All animal procedures were executed in 
accordance with institutional guidelines and the prescribed authorities 
(Veterinary Department of the Canton of Basel-Stadt; Switzerland or Ministere 
de agriculture et de la forét, 87-848, France and European Economic 
Community, EEC, 86-6091). 
Head-fixed two-photon imaging and targeted patch-clamp recordings. Mice 
were sedated with chlorprothixene (5 mgkg ', intraperitoneal injection), kept 
warm on a hot-water bottle and after 10 min anaesthetized with urethane (0.9 g 
per kg, intraperitoneal injection). Core body temperature was maintained at 
37.5 °C by a feedback-controlled heating pad (FHC). Mice were fixed in a stereo- 
taxic frame (Kopf Instruments), and local analgesia was provided by injection of 
ropivacain under the scalp (10 mg ml‘, Naropin, AstraZeneca). After retraction 
of the scalp, the location of the area of interest was determined as follows. 
Auditory cortex: 2.46 mm posterior of bregma, 4.5 to 4.7 mm lateral of midline; 
primary visual cortex: 3.16 mm posterior of bregma, 2.5 mm lateral of midline. A 
custom-built head-plate was glued to the skull with cyanoacrylate glue (Ultra Gel, 
Henkel) and dental cement (Paladur, Heraeus), and a small craniotomy was 
performed (2-3-mm diameter). The dura was retracted, the exposed cortical 
surface was superfused with normal rat ringer (NRR) containing (in mM): 135 
NaCl, 5.4 KCl, 5 HEPES, 1.8 CaCl,, pH 7.2 with NaOH), covered with agarose 
(1% type-III-A in NRR) and fixed with a coverslip. For two-photon calcium 
imaging, the membrane permeant dye Oregon Green BAPTA-1 acetoxymethyl 
ester (OGB-1, 1 mM in NRR with 8% DMSO and 2% pluronic F-127, Invitrogen) 
was pressure-ejected from a patch pipette under two-photon visualization. After 
1h, this lead to intracellular staining of virtually all cells in a diameter of approxi- 
mately 300 jum“*. Localization of the labelled area in auditory cortex was verified 
post hoc in slices. Sulforhodamine 101 (0.2 mM in NRR) was bath-applied for 
5 min to the exposed cortex to counterstain glial cells**. Two-photon calcium 
imaging was performed using a scanning microscope (Fluoview 1000MPE, 
Olympus) coupled to a femtosecond-pulse infrared laser at 830 nm wavelength 
(MaiTai HP, Spectra-Physics). The beam was adjusted with a telescope to fill the 
back-focal plane of the X20 water-immersion objective (0.95 numerical aperture, 
Olympus). Average power in the back-focal plane was <120 mW. Frames were 
acquired (Fluoview software, Olympus) at 15 Hz at depths below the pia ranging 
from 20 to 400 um. Time stacks were processed offline using ImageJ to extract AF/ 
F for each neuron. Foot shocks (1 s, direct current, 0.4 to 2mA, 10-20 interval) 
were delivered to the hindpaws. Frequency-modulated sweeps (logarithmically 
modulated between 5 and 15 kHz, 50 ms rise and fall) were generated (System3, 
Tucker Davis Technologies) and presented at 70 dB sound pressure level from an 
electrostatic speaker (ES1, TDT) mounted in front of the animal. 
Two-photon-guided patch-clamp recordings were performed using patch pip- 
ettes of 4-10 MQ resistance filled with NRR for cell-attached recordings, for 
whole-cell current-clamp recordings with intracellular solution containing 
(inmM): 130 K-methanesulphonate, 6.3 KCl, 20 Na2-phosphocreatine, 4 Mg- 
ATP, 0.3 Na-GTP, 10 HEPES, 290 mOsm, pH 7.3 with KOH and for whole-cell 
voltage-clamp recordings with intracellular solution containing (in mM): 125 Cs- 
methanesulphonate, 2 CsCl, 10 Na-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 5 
TEACI, 3.5 QX-314, 0.5 EGTA, 10 HEPES, 290mOsm, pH7.3 with CsOH. 
Pipette solutions were supplemented with Alexa 488 or Alexa 594 (25-50 UM, 
Invitrogen). Neurons of interest were identified by either marker expression (L1 
interneurons in GAD67-GEP mice, PV~ interneurons in PV-ires-Cre mice™ 
injected with AAV conditionally expressing venus), or by imaging the ‘shadows’ 
created by neurons in dye-filled extracellular space in wild-type mice (L1 inter- 
neurons, L2/3 pyramidal neurons). L1 interneurons were located between 30 and 
70 kum below the pia. Cell-attached and whole-cell recordings were established 
using a X40 water-immersion objective (0.8 numerical aperture, Olympus) 
according to standard procedures**. Cell-attached recordings were performed 
in current-clamp or voltage-clamp configuration, and rejected when no action 
potential occurred during the entire length of the recording (=5 min). Whole-cell 
current-clamp recordings were rejected when the series resistance exceeded 
70 MQ. Whole-cell voltage-clamp recordings were performed at 0-20 mV hold- 
ing potential and rejected when the series resistance exceeded 50 MQ. IPSCs were 
detected using a derivative threshold of 40 pA ms_'. Pyramidal neurons were 
identified after dye filling by pyramidal morphology and spiny dendrites. 
Signals were recorded (Axopatch 200B, Molecular Devices or ELC-03XS, NPI), 
low-pass filtered at 20 kHz and digitized at 50 kHz (Digidata 1322A, Molecular 
Devices) using pClamp software (Molecular Devices). For cell-attached record- 
ings, action potentials were detected based on amplitude. Peri-stimulus time 
histograms were computed across the entire population of recordings of a given 


type. Microstimulation of the basal forebrain (20 pulses of 0.2 ms duration delivered 
at 100 Hz) was performed using bipolar stimulating electrodes at the following 
coordinates: 0.8 mm posterior of bregma, 1.75 mm lateral of midline, 4.3 mm below 
cortical surface. Drugs were present in the bath solution throughout the experiment. 
Unless stated otherwise, chemicals were obtained from Sigma. 

Surgery and local drug injection. Mice were anaesthetized with isoflurane 
(induction, 5%; maintenance, 1.5%) in oxygen-enriched air (Oxymat 3, 
Weinmann) and fixed in a stereotaxic frame (Kopf Instruments). Core body 
temperature was maintained at 36.5°C by a feedback-controlled heating pad 
(FHC). Analgesia was provided by local injection of ropivacain under the scalp 
(Naropin, AstraZeneca) and systemic injection of meloxicam (1001 of 
5mg ml}, intraperitoneal, Metacam, Boehringer-Ingelheim). Guide cannulae 
(26 gauge, with dummy screw caps, Plastics One) were implanted bilaterally to 
inject at the following coordinates: 2.46mm posterior of bregma, + 4.5mm 
lateral of midline, 0.6 mm below cortical surface. Implants were fixed to the skull 
with cyanoacrylate glue (Ultra Gel, Henkel) and dental cement (Paladur, 
Heraeus). Mice were then given 1 week to recover from surgery, during which 
time they were handled = 5 times to habituate them to the injection procedure. 
Fifteen minutes before fear conditioning, 32-gauge stainless steel injectors 
attached to 25 tl Hamilton syringes were inserted into the guide cannulae and 
an injection volume of 0.2 l per hemisphere was delivered within 40s using a 
microinfusion pump (Stoelting). Drug animals received bilateral injections of 
muscimol (100 ng per hemisphere) or a combination of mecamylamine (10 pg) 
and methyllycaconitine (10 1g) dissolved in NRR containing 1% fast green 
(Serva). Control mice were injected with vehicle solution only. In a subset of 
mice, fluorescent muscimol bodipy (625 1M in NRR with 5% DMSO) was 
injected after fear memory retrieval to quantify spread of the drug. After com- 
pletion of the experiment, mice were transcardially perfused with 4% para- 
formaldehyde in phosphate-buffered saline (PFA), their brains extracted and 
post-fixed in paraformaldehyde overnight. For histological verification of the 
injection site, 60-j1m coronal brain sections were made on a vibratome (Leica 
Microsystems) and imaged on a stereoscope (Leica Microsystems). 

Virus injection and optogenetics. For labelling of PV~ interneurons (Fig. 3a, b), 
an adeno-associated virus (AAV, serotype 2/7 (venus) or 2/9 (tdTomato), Vector 
Core, University of Pennsylvania) was used to deliver a DNA construct for 
conditional, Cre-dependent expression of venus or tdTomato. AAV (approxi- 
mately 0.5 tl per hemisphere) was injected from glass pipettes (tip diameter 10- 
20m) connected to a picospritzer (Parker Hannifin Corporation) into the 
auditory cortex of PV-ires-Cre mice*’ at the following coordinates: 2.46 mm 
posterior of bregma, 4.5 mm lateral of midline, 0 to 1.1 mm below cortical surface. 
Experiments were performed after 0.5-3 months of expression time. For optical 
control of PV* interneurons (Fig. 5c-f), the same methodology was used for 
bilateral injection of a conditional AAV coexpressing channelrhodopsin-2 
(ChR-2)*” and venus (AAV2/7_ EFla::DIO-ChR2(H134R)-2A-NpHR-2A- 
Venus”) into the auditory cortex of PV-ires-Cre mice. These animals were addi- 
tionally implanted with custom-built connectors holding optic fibres (0.48 
numerical aperture, 200-l1m diameter, Thorlabs). Fibre ends were inserted 
200 um into neocortex at the injection site. Implants were fixed to the skull with 
cyanoacrylate glue (Ultra Gel, Henkel) and dental cement (Paladur, Heraeus). 
After 2-4 months of expression time and habituation to handling, both implanted 
connectors were linked to a custom-built laser bench via optic fibres suspended 
over the conditioning context. This arrangement allowed the animals to move 
freely in the context. Stimulation of ChR-2 (<20 mW per implanted fibre) was 
delivered during and for 5s after each foot shock (Fig. 5e) using a custom-built 
laser bench (laser: MBL473, 473-nm wavelength, CNI Lasers). One day after 
conditioning, mice were exposed to CS* and CS” without optogenetic interven- 
tion in a neutral context. The optogenetic approach was previously validated in 
vitro’ and in vivo", and here by acute extracellular recordings from auditory 
cortex of infected animals (Supplementary Fig. 16). Custom-built optrodes (optic 
fibre with 16-wire electrode attached) were lowered into the infected area. Laser 
pulses (300 ms) were delivered and recordings performed as detailed in section 
‘Extracellular recordings in freely behaving mice’. After completion of the experi- 
ment, mice were transcardially perfused with 4% paraformaldehyde. Brains were 
post-fixed in paraformaldehyde overnight at 4°C, and cut into 80-um thick 
coronal slices on a vibratome (Leica Microsystems). To improve the fluorescent 
signal, an immunostaining was performed. Slices were kept in blocking solution 
(3% BSA, 0.2% Triton in 0.1 M PBS) for 1 h at room temperature, before applica- 
tion of the primary antibody (Goat anti-GFP, Abcam; 1:500 in blocking solution) 
and incubated at 4°C overnight. After washing, slices were incubated with 
secondary antibody (Alexa Fluor 488, donkey anti goat, Invitrogen; 1:1,000 in 
PBS with 3% BSA) at 4°C overnight. After a final wash, slices were mounted on 
coverslips and imaged. 
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Behaviour. Fear conditioning and fear retrieval took place in two different con- 
texts (context A and B). The conditioning and test boxes and the floor were 
cleaned before and after each session with 70% ethanol or 1% acetic acid, respect- 
ively. To score freezing behaviour, an automatic infrared beam detection system 
placed on the bottom of the experimental chambers (Coulbourn Instruments) 
was used. Mice were considered to be freezing if no movement was detected for 2 s 
and the measure was expressed as a percentage of time spent freezing. To ensure 
that our automatic system scores freezing rather than just immobility, we prev- 
iously compared the values obtained with those measured using a classical time- 
sampling procedure during which an experimenter blind to the experimental 
conditions determined the mice to be freezing or not freezing every 2s (defined 
as the complete absence of movement except for respiratory movements). The 
values obtained were 95% identical and the automatic detection system was 
therefore used throughout the experimental sessions. Conditioned stimuli for 
differential fear conditioning were 30-s trains of frequency-modulated sweeps 
(500 ms duration, logarithmically modulated between 5 and 15 kHz, 50 ms rise 
and fall) delivered at 1 Hz at a sound pressure level of 70 dB. The CS* (upsweep) 
was paired with a foot shock (1s, 0.6 mA, 15 CS*-foot-shock pairings; inter-trial 
interval: 20-180 s). The onset of the foot shock coincided with the onset of the last 
sweep in the CS*. The CS” (downsweep) was presented after each CS*-foot- 
shock association, but was never reinforced (15 CS” presentations, inter-trial 
interval: 20-180 s). On the next day, conditioned mice were submitted to fear 
retrieval in context B, during which they received 4 and 4 presentations of the CS” 
and the CS”, respectively. 

Extracellular recordings in freely behaving mice. Surgical procedures are 
described earlier. Mice were secured in a stereotaxic frame and implanted with a 
pair of insulated silver wires (170-,1m diameter) beneath the skin of each eyelid for 
delivery of periorbital shocks. In addition, mice were unilaterally implanted in the 
auditory cortex with a multi-wire electrode aimed at the following coordinates: 
2.46 mm posterior of bregma, 4.5 mm lateral to midline, and 0.6 mm to 0.85 mm 
below the cortical surface. Electrodes consisted of 16 individually insulated, gold- 
plated nichrome wires (13 tm inner diameter, impedance 30 to 100 kQ, Sandvik) 
contained in a 26-gauge stainless steel guide cannula. The wires were attached toa 
connector (18 pin, Omnetics). The implant was secured using cyanoacrylate 
adhesive gel. After surgery mice were allowed to recover for 7 days. Analgesia 
was applied before, and during the 3 days after surgery (Metacam, Boehringer- 
Ingelheim). Electrodes were connected to a headstage (Plexon) containing 16 
unity-gain operational amplifiers. The headstage was connected to a 16-channel 
computer-controlled preamplifier (gain 100X, bandpass filter from 150 Hz to 
9 kHz, Plexon). Neuronal activity was digitized at 40 kHz, bandpass filtered from 
250 Hz to 8kHz, and isolated by time-amplitude window discrimination and 
template matching using a multichannel acquisition processor system (Plexon). 
Single-unit spike sorting was performed using an off-line spike sorter (OFSS, 
Plexon). Principal component scores were calculated for unsorted waveforms 
and plotted on three-dimensional principal component spaces, and clusters con- 
taining similar valid waveforms were manually defined. A group of waveforms was 
considered to originate from a single neuron if it defined a discrete cluster in 
principal component space that was distinct from clusters for other units, and if 
it displayed a clear refractory period (1 ms) in auto-correlograms. Template wave- 
forms were then calculated for well-separated clusters and stored for further ana- 
lysis. To avoid analysis of the same neuron recorded on different channels, we 
computed cross-correlation histograms. If a target neuron displayed a peak of 
activity at a time that the reference neuron fired, only one of the two neurons 
was considered for further analysis. To separate putative inhibitory interneurons 
from putative excitatory pyramidal neurons we used an unsupervised cluster 
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algorithm based on the Ward’s method. Briefly, the Euclidian distance was calcu- 
lated between all cell pairs based on the two-dimensional space defined by each 
cell’s average spike width (measured from trough to peak) and baseline firing rate. 
An iterative agglomerative procedure was then used to combine cells into groups 
based on the matrix of distances such that the total number of groups was reduced 
to give the smallest possible increase in the within-group sum of square deviation. 
Mice were presented with the same conditioned stimuli used for fear conditioning 
(see above). The CS* was paired with a periorbital shock (2s, 2.5mA, 15 cst- 
shock pairings, inter-trial interval 20-180 s), which was used instead of foot shocks 
to minimize electrical artefacts in the recording. The onset of the periorbital shock 
coincided with the onset of the last sweep. The CS” was presented after each CS* 
(15 CS’ presentations, inter-trial interval: 20-180 s). CS* and CS~ were counter- 
balanced across animals. At the conclusion of the experiment, recording sites were 
marked with electrolytic lesions before perfusion, and electrode locations were 
reconstructed with standard histological techniques 

In vitro electrophysiology. Coronal sections (300-j1m thick) of auditory cortex 
were prepared from mice (6-8 weeks old) in ice-cold slicing artificial cerebrosp- 
inal fluid (ACSF) containing (in mM): 124 NaCl, 1.25 NaH2PO,, 10 MgSOg, 2.7 
KCl, 26 NaHCO3, 2 CaCls, 10 Glucose, 4 ascorbate (95% O3/5% CO3). Slices were 
incubated for 45 min at 37 °C in an interface chamber, and then allowed to cool to 
room temperature. Recordings were performed at 34 °C under infrared videomi- 
croscopy in ACSF containing (in mM): 124 NaCl, 1.25 NaH,POg, 1.3 MgSO, 2.7 
KCl, 26 NaHCO, 2 CaCl, 10 glucose, 4 ascorbate (95% O2/5% CO2). Whole-cell 
current-clamp recordings were performed with patch pipettes (4-10 MQ resist- 
ance) filled with intracellular solution containing (in mM): 130 methanesulpho- 
nate, 6.3 KCl, 20 Na2-phosphocreatine, 0.3 Na-GTP, 4 Mg-ATP, 10 HEPES, 5 
biocytin, 290 mOsm, pH 7.3 with KOH. Signals were recorded (Multiclamp 700B, 
Molecular Devices), low-pass filtered at 10 kHz and digitized at 20 kHz (Digidata 
1322A, Molecular Devices) using pClamp9 software (Molecular Devices). Signals 
were analysed using Igor Pro (Wavemetrics). The border between L1 and L2/3 
was visually identified by the abrupt change in cell number, and only L1 inter- 
neurons at least 15 jm away from the border region were chosen for recordings. 
Local puff application of nicotine (100 4M, 20-80 ms duration) was delivered 
from a patch pipette connected to a picospritzer (Parker Hannifin Corporation). 
For paired recordings between L1 interneurons and L2/3 PV* interneurons, PV- 
ires-Cre mice were injected with an AAV (Vector Core, University of 
Pennsylvania) leading to Cre-dependent expression of tdTomato. Fluorescent 
PV* interneurons were identified using TillvisION (Till Photonics) and double 
recordings were performed as described above. Unless stated otherwise, drugs 
were bath-applied. To reveal morphology, slices were fixed in 4% paraformalde- 
hyde (4 °C overnight), washed and stained for biocytin (4 days at 4 °C in PBS, 0.5- 
1% Triton-X, 0.2% Alexa (488, 568 or 680) streptavidin conjugate, Invitrogen). To 
identify putative synaptic contacts, this was combined with immunostaining 
against venus (see above) or tdTomato (Rabbit anti-RFP, MBL, Nunningen; 
1:500 in blocking solution; Alexa Fluor 568, donkey anti-rabbit, Invitrogen; 
1:1,000 in PBS with 3% BSA). Slices were mounted and confocal images acquired 
using an LSM700 confocal laser scanning microscope (Zeiss). Stacks were ana- 
lysed using Image] (NIH) and single representative cells were reconstructed using 
Neurolucida software (MBF Bioscience). Putative synaptic contacts were scored 
when the axon of a L1 interneuron was located within 1 um from a PV~ dendrite 
or soma. 


47. Tang, W. etal. Faithful expression of multiple proteins via 2A-peptide self- 
processing: a versatile and reliable method for manipulating brain circuits. 
J. Neurosci. 29, 8621-8629 (2009). 
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Variable regions 1 and 2 (V1/V2) of human immunodeficiency virus-1 (HIV-1) gp120 envelope glycoprotein are critical for 
viral evasion of antibody neutralization, and are themselves protected by extraordinary sequence diversity and N-linked 
glycosylation. Human antibodies such as PG9 nonetheless engage V1/V2 and neutralize 80° of HIV-1 isolates. Here we 
report the structure of V1/V2 in complex with PG9. V1/V2 forms a four-stranded B-sheet domain, in which sequence 
diversity and glycosylation are largely segregated to strand-connecting loops. PG9 recognition involves electrostatic, 
sequence-independent and glycan interactions: the latter account for over half the interactive surface but are of 
sufficiently weak affinity to avoid autoreactivity. The structures of V1/V2-directed antibodies CH04 and PGT145 
indicate that they share a common mode of glycan penetration by extended anionic loops. In addition to structurally 
defining V1/V2, the results thus identify a paradigm of antibody recognition for highly glycosylated antigens, which— 


with PG9—involves a site of vulnerability comprising just two glycans and a strand. 


As the sole viral target of neutralizing antibodies, the HIV-1 viral 
spike has evolved to evade antibody-mediated neutralization 
(reviewed in ref. 1). V1/V2 of the gp120 component of the viral spike is 
critical to this evasion. Localized by electron microscopy to a membrane- 
distal ‘cap’, which holds the spike in a neutralization-resistant con- 
formation, V1/V2 is not essential for entry: its removal, however, renders 
the virus profoundly sensitive to antibody-mediated neutralization”. 

The ~50-90 residues that comprise V1/V2 contain two of the most 
variable portions of the virus, and roughly 1 in 10 residues of V1/V2 
are N-glycosylated. Despite the diversity and glycosylation of V1/V2, 
a number of broadly neutralizing human antibodies have been 
identified that target this region, including the somatically related 
antibodies PG9 and PG16, which neutralize 70-80% of circulating 
HIV-1 isolates'®, antibodies CH01-CH04, which neutralize 40- 
50%!', and antibodies PGT141-145, which neutralize 40-80%”. 
These antibodies all share specificity for an N-linked glycan at residue 
160 in V1/V2 (HXB2 numbering) and show a preferential binding to 
the assembled viral spike over monomeric gp120 as well as a sensitivity 
to changes in V1/V2 and some V3 residues. Sera with these character- 
istics have been identified in a number of HIV-1 donor cohorts, and 
these quaternary-structure-preferring V1/V2-directed antibodies are 
among the most common broadly neutralizing responses in infected 
donors’*™*. 


Despite extensive effort, V1/V2 had resisted atomic-level char- 
acterization. Here we report crystal structures of the V1/V2 domain 
of HIV-1 gp120 from clade C strains CAP45 and ZM109 in complexes 
with the antigen-binding fragment (Fab) of PG9 at 2.19- and 1.80-A 
resolution, respectively. We elucidate how the V1/V2 fold accom- 
modates sequence variation and glycosylation, provide an atomic- 
level description of the PG9 epitope, and analyse other members of 
this V1/V2-directed class of broadly neutralizing antibodies to 
identify conserved features that enable recognition of this key 
glycopeptide target. 


Structure determination 


Variational crystallization’ of HIV-1 gp120 with V1/V2 was 
attempted following strategies that were successful for structural 
determination of other portions of HIV-1 gp120 (refs 15-17); this 
failed to produce V1/V2-containing crystals suitable for structural 
analysis (Supplementary Table 1). Because V1/V2 emanates from 
similar hairpins in core structures of HIV-1 (refs 18-21) and SIV” 
(Supplementary Fig. 1), we hypothesized that a protein scaffold that 
provided an appropriate hairpin might suitably incorporate and 
express an ectopic V1/V2 region. We identified six proteins with 
potentially suitable acceptor B-hairpins that ranged in size from 135 
to 741 amino acids. Only the smallest of these could be expressed in 
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transfected 293F cells when scaffolded with V1/V2 (Supplementary 
Table 2), but it behaved poorly in solution. We identified 11 smaller 
proteins of 36-87 amino acids in size and designed chimaeric proteins 
encoding V1/V2 from the YU2 strain of HIV-1 (Supplementary Fig. 2 
and Supplementary Table 3). The expressed chimaeric glycoproteins 
from these smaller scaffolds were mostly soluble, permitting us to 
characterize them antigenically against a panel of six YU2-specific 
V1/V2 antibodies (Supplementary Tables 4 and 5). Three of the 
smaller scaffolded YU2 V1/V2 chimaeras showed reactivity with all 
six YU2-specific antibodies, and two (Protein Data Bank (PDB) 
accessions 1FD6 (ref. 23) and 1JO8 (ref. 24)) were also recognized 
by the a4, integrin®, suggesting that they retained biological 
integrity (Supplementary Table 5 and Supplementary Fig. 3). We next 
identified strains of gp120 that retained PG9 recognition in the gp120 
monomer context, including clade B strain TRJO and clade C strains 
16055, CAP45, ZM53 and ZM109 (Supplementary Table 6). We 
placed V1/V2 sequences (residues 126-196) from these strains into 
the 1FD6 and 1JO8 scaffolds, and assessed PG9 binding. Notably, 
affinities of PG9 for 1FD6-ZM109 and 1JO8-ZM109 were only 50- 
fold and threefold lower than wild-type ZM109 gp120, respectively 
(Supplementary Fig. 4). Scaffold-V1/V2 heterogeneity was apparent 
after expression in GnTI /~ cells”* as was sulphation heterogeneity on 
antibody PG9 (ref. 27) (Supplementary Fig. 5). We therefore used an 
on-column selection procedure coupled to on-column protease cleav- 
age of Fab to obtain homogeneous complexes of scaffold-V1/V2 with 
PG9 (Supplementary Fig. 6). 

Two 1FD6-V1/V2 scaffolds were crystallized in complex with PG9. 
One scaffold contained the V1/V2 region from the gp120 of the 
CAP45 strain of HIV-1 with five sites of potential N-linked glycosyla- 
tion. Crystals of this CAP45 construct with the Fab of PG9 diffracted 
to 2.19A, and the structure was refined to an Rest Of 18.2% 
(Reree = 23.4%) (Fig. 1 and Supplementary Table 7). A second scaffold 
included the V1/V2 region from the gp120 of the ZM109 strain of 
HIV-1 with N-linked glycans at positions 160 and 173, and asparagine 
to alanine substitutions at four other potential N-linked sites. Crystals 
of this ZM109 construct with the Fab of PG9 diffracted to 1.80 A, and 
the structure was refined to an Rayst Of 17.8% (Réree = 20.5%) (Sup- 
plementary Fig. 7 and Supplementary Table 7). 


Structure of V1/V2 


The V1/V2 structure, in the context of scaffold and PG9, folds as four 
anti-parallel B-strands (labelled A, B, C, D) arranged in (—1, —1, +3) 
topology”® (Fig. 2a-d and Supplementary Table 8). Important struc- 
tural elements, such as a hydrophobic core, connecting loops and 
disulphide bonds, cross between each of the four strands, indicating 
that, structurally, the V1/V2 domain should be considered a single 
topological entity. 

Overall, the four-stranded V1/V2 sheet presents an elegant solution 
for maintaining a common fold while accommodating V1/V2 diversity 
and glycosylation. The strands contain mostly conserved residues and 
are welded in place by inter-strand disulphide bonds (between strand A 
and neighbouring strands B and D) and extensive hydrogen bonding 
(between strands A and D and between strands B and C). The two faces 
of the sheet—concave and convex—have very different characters. The 
concave face of the sheet is glycan-free and hydrophobic (Fig. 2e), with a 
cluster of aliphatic and aromatic side chains surrounding the disulphide 
bond that links strands A and B. This conserved hydrophobic cluster 
continues onto strand D at the sheet edge, to form a half-exposed 
hydrophobic core for this domain. The convex face of the sheet is 
cationic (Fig. 2f), with the main-chain atoms of the conserved strands 
of the sheet forming stripes on the V1/V2 surface (Fig. 2g) and the 
N-linked glycan 160 situated at its centre (Fig. 2h). In contrast, two 
strand-connecting loops—emanating from the same end of the 
sheet—are highly glycosylated and variable in sequence (Fig. 2i). We 
can now redefine the “V1 loop’ as the residues connecting strands A 
and B, and the ‘V2 loop’ as those residues between strands C and D 
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Figure 1 | Overall structure of the V1/V2 domain of HIV-1 gp120 in 
complex with PG9. V1/V2 from the CAP45 strain of HIV-1 is shown, in 
magenta ribbons, in complex with Fab of antibody PG9. The PG9 heavy and 
light chains are shown as yellow and blue ribbons, respectively, with CDRs in 
different shades. Although the rest of HIV-1 gp120 has been replaced by the 
1FD6 scaffold (shown in white ribbons), the positions of V1/V2, PG9 and the 
scaffold are consistent with the proposal that the viral spike, and hence the viral 
membrane, is positioned towards the top of the page. The extended CDR H3 of 
PG9 is able to penetrate the glycan shield that covers the V1/V2 cap on the spike 
and to reach conserved elements of polypeptide, while residues in heavy- and 
light-chain-combining regions recognize N-linked glycans. The disordered 
region of the V2 loop is represented by a dashed line. Perpendicular views of 
V1/V2 are shown in Figs 2 and 6, and the structure of PG9 in complex with V1/ 
V2 from HIV-1 strain ZM109 is shown in Supplementary Fig. 7. 


(Fig. 2h, i). Of these, the V1 loop is most variable, ranging in length from 
~10-30 residues. The V2 loop is less variable and contains at its start 
the tripeptide motif recognized by integrin 487, the gut homing 
receptor for HIV-1 (ref. 25). 


PG9-V1/V2 interactions 


The most prominent interaction between antibody PG9 and V1/V2 
occurs with N-linked glycan (Fig. 3, Supplementary Fig. 8 and 
Supplementary Tables 9 and 10). PG9 grasps the entire ZM109 160 
glycan (Fig. 3a). Its protruding third complementarity-determining 
region of the heavy chain (CDR H3) reaches through the glycan shield 
to contact the protein-proximal N-acetylglucosamine, burying 200 A? 
of total surface area, with Asp 100 and Arg 100B of PG9 making four 
hydrogen bonds (Fig. 3b, c) (Kabat numbering” is used in description 
of antibody sequences; thus Arg 100B is two residues after Asp 100). 
Additional hydrogen bonds are made by the base of the CDR H3 
(by Asn 100P and by the double-mannose-interacting His 100R) to 
terminal mannose residues, with Ser 32 and Asp 50 of the light chain 
contributing three additional hydrogen bonds (Fig. 3b). In sum, a total 
of 11 hydrogen bonds and over 1,150 A’ of surface area are buried in 
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Figure 2 | Structure of the V1/V2 domain of HIV-1 gp120. a-i, The four 
anti-parallel strands that define V1/V2 fold as a single domain, in a topology 
known as ‘Greek key’ that is observed in many proteins. a, Schematic of V1/V2 
topology. V1/V2 resides between strands B2 and {3 of core gp120, and its 
structure completes the crystallographic determination of all portions of HIV-1 
gp120. Strands are depicted as arrows and disulphide bonds as yellow lines. 
b, c, Ribbon diagram of V1/V2 residues 126-196 from HIV-1 strains CAP45 
(magenta) and ZM109 (green). Conserved disulphide bonds are represented as 
ball and stick, and the beginning and terminating residues of each strand are 
labelled. d, Superposition of the structures shown in b and c. e, Amino acid 
conservation of V1/V2. The backbone is shown as a tube of variable thickness, 
coloured as a rainbow from cold (blue) to hot (red), corresponding to conserved 
(thin) and to variable (thick), respectively, based on an alignment of 166 HIV-1 
sequences. Aliphatic and aromatic side chains are shown as sticks with semi- 
transparent molecular surface, coloured by conservation as in i. f, Electrostatic 
surface potentials of CAP45 V1/V2 coloured blue to red, corresponding to 
positive and negative surface potentials (+4 to —4 kT/e), respectively. 


the PG9-glycan-160 interface (489 A? on PG9 and 670 A? on glycan 
160), with PG9 contacting 5 of the 7 saccharide moieties of the 
Man;GlcNAc, glycan (Fig. 3c). Similar extensive interactions are 
observed with residue 160 of CAP45 (Supplementary Fig. 8a-c). 
The preference of PG9 for a MansGlcNAc, glycan at residue 160 is 
now clear: a larger glycan would clash with the antibody light chain 
and a shorter glycan would not stretch between tip and base of the 
PG9 CDR H3. 

Interactions also occur between PG9 and the N-linked glycan at 
residue 156 (CAP45) or residue 173 (ZM109). With CAP45, much of 
the 156 glycan is ordered, stabilizing six of the seven sugars, including 
four of the five mannose residues (Supplementary Fig. 8). Hydrogen 
bonds are observed between the 156 glycan and the side chains of 
Asn 73 and Tyr 100K of the PG9 heavy chain, and 766 A” of total 
buried surface area (337 A? on PG9 and 429 A? of glycan). Glycan 
156 is not preserved in the ZM109 sequence, in which residue 156 is 
a histidine (Fig. 2i); an additional site of N-linked glycosylation, 
however, occurs in ZM109 at residue 173, in the middle of strand 
C. In the ZM109 structure, glycan 173 is in virtually the same spatial 
location as glycan 156 in the CAP45 structure (Fig. 2h). PG9 binds to 
the protein-proximal N-acetylglucosamine, with Tyr 100K making a 


338 | NATURE | VOL 480 | 15 DECEMBER 2011 


g, Molecular surfaces corresponding to main-chain atoms including Cp are 
coloured orange, with other surfaces coloured white. h, Superposition of 
ZM109 and CAP45 models containing V1 and V2 loops and associated glycans. 
For each glycosylated asparagine, only the first N-acetylglucosamine attached 
to the asparagine is shown and represented as sticks. Modelled amino acids and 
glycans that are disordered in the crystal structures are shown in grey. 

i, Sequence alignment of nine HIV-1 strains that are potently neutralized by 
PG9. Glycosylated asparagine residues are boxed and in bold. Identical residues 
have a dark green background with white characters, whereas conserved 
residues have white backgrounds with dark green characters. Above the 
alignment, B-strands are shown as arrows, coloured magenta and green for 
CAP45 and ZM109, respectively. Residues (including attached glycans) that 
make hydrogen bonds to PG9 are denoted with symbols above the alignment 
(side-chain hydrogen bonds are indicated by open circles with dashes, main- 
chain hydrogen bonds are indicated by closed circles, or main-chain and side- 
chain hydrogen bonds by closed circles with dashes). 


hydrogen bond and a total of 189 A® surface area buried (Fig. 3b). 
Notably, substitutions that result in changes in V1/V2 glycans indi- 
cate that glycan at 160 is critical for PG9 recognition (Supplementary 
Table 11), and 156/173 is important (although PG9 recognizes strains 
of HIV-1 lacking a 156/173 glycan; Supplementary Fig. 9). Many of 
the changes in the heavy and light chains that allow for glycan recog- 
nition occur during affinity maturation (Supplementary Tables 12 
and 13), providing a possible explanation for the observed increase 
in PG9 (and PG16) breadth and affinity during affinity maturation”’. 

In addition to glycan recognition, a strand in the CDR H3 of PG9 
forms intermolecular parallel B-sheet-like hydrogen bonds to strand C 
of V1/V2 (Fig. 3d, e). Strand C is the most variable of the V1/V2 strands, 
and this sequence-independent means of recognition probably allows 
for increased recognition breadth. Specific electrostatic interactions are 
also made between cationic residues of strand C and acidic residues on 
PG9. Notably, several of these occur with sulphated tyrosines on CDR 
H3. Because parallel B-strand hydrogen bonding would tend to align 
main-chain atoms of CDR H3 and strand C, the charged tips of Lys and 
Arg residues would protrude beyond the standard acidic Asp and Glu 
side chains, whereas tyrosine sulphates provide a closer match to the 
side-chain length of basic Lys/Arg residues. 
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Figure 3 | PG9-V1/V2 interactions. a-f, Glycan, electrostatic and sequence- 
independent interactions of antibody PG9 facilitate recognition of V1/V2 from 
the ZM109 strain of HIV-1 gp120. a, PG9 is shown as a grey molecular surface, 
and strands B and C of V1/V2 are shown as green ribbons. Mannose and 
N-acetylglucosamine residues are shown in stick representation, as are the side 
chains of Asn 160 and 173. Electron density (2F, — F.) is contoured at 1o and 
shown as a blue mesh. b, Ribbon representations of strands B and C of ZM109 
V1/V2 (green), PG9 heavy chain (yellow) and PG9 light chain (blue). V1/V2 
glycans and PG9 residues that hydrogen bond are shown as sticks. Nitrogen 
atoms are coloured blue, oxygen atoms are coloured red, and dotted lines 
represent hydrogen bonds. c, Schematic of the Man;GlcNAc, moiety attached 


Overall, the structure of PG9 is consistent with published muta- 
tional data’®'* (Supplementary Table 14). Some residues such as 
Phe 176 are critical because they form part of the hydrophobic core 
on the concave face of the V1/V2 sheet. Others form direct contacts: 
for example, the tyrosine sulphate at residue 100H of PG9 interacts 
with residue 168 when it is an Arg (strain ZM109) or Lys (strain 
CAP45), but would be repelled by a Glu (as in strain JR-FL); JR-FL 
is resistant to neutralization by PG9, but becomes sensitive if Glu 168 
is changed to Lys"®. 


Quaternary preferences of PG9 and PG16 


PG9 and the somatically related PG16 typically recognize the 
assembled viral spike with higher affinity than monomeric gp120 
(ref. 10). For PG9, the average monomeric gp120 affinity, as assessed 
by ELISA or surface plasmon resonance, was at least tenfold weaker 
than viral spike affinity, as assessed by neutralization; with PG16, the 
difference was at least 100-fold (Fig. 4a, Supplementary Tables 6 and 
15-17). Such differences are probably greater as the concentration 
required for neutralization (half-maximum inhibitory concentration, 
ICs) is often higher than the affinity (half-maximum effective con- 
centration, ECs, or equilibrium dissociation constant, Ky). To inves- 
tigate differences between monomeric and oligomeric contexts, we 
acquired negatively stained electron microscopy images of PG9 in 
complex with monomeric gp120 (Fig. 4b, Supplementary Figs 10 
and 11). To define the orientation of monomeric gp120, we used 
the CD4-binding-site-directed antibody T13, for which we defined 
the crystal structure of gp120-bound T13 Fab at 6-A resolution 
(Supplementary Figs 12, 13 and Supplementary Table 18). This struc- 
ture along with the V1/V2-PG9 structure allowed for the definition of 
six classes of relative gp120-PG9 orientations, indicating that the 
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to Asn 160. GlcNAcs are shown as blue squares, and mannoses as green circles. 
Hydrogen bonds to PG9 are listed to the right of the symbols, as is the total 
surface area buried at the interface between PG9 and each sugar. H-bonds, 
hydrogen bonds. d, Schematic of the PG9-main-chain interaction with V1/V2. 
Disulphide bonds in V1/V2 are shown as yellow sticks. e, f, Ribbon 
representation of V1/V2 (green) and PG9 CDR H3 (yellow). Hydrogen bonds 
are represented by dotted lines. Main-chain interactions are shown in e, and 
side chain interactions in f (with the two images related by a 90° rotation about 
a vertical axis). Details of the PG9 interaction with V1/V2 from the CAP45 
strain of HIV-1 are shown in Supplementary Fig. 8. 


position of V1/V2 varies in the monomeric gp120 context. In contrast, 
prior cryoelectron microscopy results indicate that the position of 
V1/V2 in the unliganded Env trimer spike is fixed”. 

Additionally, we chose to map the antibody paratope by assessing 
neutralization with arginine mutants. We selected the PG16 paratope 
for characterization, as its recognition seemed to be both more 
quaternary-structure preferring (Fig. 4a) and more V3 dependent'® 
than that of PG9. We parsed its combining site into 21 surface seg- 
ments plus one in the framework as a control. Each of these was 
altered by the introduction of a single arginine mutation, expressed 
as an immunoglobulin, and assessed for neutralization on a panel of 
diverse HIV-1 isolates (Supplementary Fig. 14). The resultant 
‘arginine-scanning’ mutagenesis revealed a close match to the 
observed V1/V2 interface for PG9 (Fig. 4c). We also measured the 
binding of PG9 and PG16 to monomeric gp120 in wild-type and V3- 
deleted contexts, and observed similar affinities, indicating that—in 
the context of monomeric gp120—V3 does not have a substantial 
role in PG9 or PG16 recognition (Supplementary Fig. 15). Lastly, 
accumulating data indicate that V1/V2 in the viral spike both shields 
and interacts with V3 (refs 6-9). 

Collectively, these results suggest that the V1/V2-PG9 interaction 
observed in the scaffolded V1/V2-PG9 crystal structures encompasses 
much of the PG9/PG16 epitope, and that the structural integrity of this 
epitope is sensitive to appropriate assembly of the viral spike. We note 
parenthetically that the ability of the PG9/PG16-recognized epitope to 
be preferentially present in the assembled viral spike provides a useful 
strategy to hide this potential site of vulnerability. That is, the site may 
be preferentially present on the assembled viral spike, but not on shed 
or other monomeric forms of gp120, which are thought to be the 
predominant form of Env in infected individuals, and we note in this 
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Figure 4 | PG9 and PG16 recognition of the HIV-1 viral spike, monomeric 
gp120 and scaffolded V1/V2. a-c, Quaternary-structure-preferring 
antibodies show different affinities for oligomeric, monomeric and scaffolded 
V1/V2. Both structural and arginine-scanning mapping, however, suggest that 
the epitopes of PG9 and PG16 are mostly present in scaffolded V1/V2. 

a, Affinities of PG9 (filled symbols) and PG16 (open symbols) are shown for the 
functional viral spike (gp120/gp41)3 (circles), monomeric gp120 (triangles), 
and scaffold-V1/V2 (squares), based on neutralization (black), ELISA (blue) 
and surface plasmon resonance (red). b, Negative stained class averages are 
shown for ternary complexes of wild-type gp120 (HIV-1 strain 16055) in 
complex with antibody PG9 and the CD4-binding-site antibody T13. Six 
different classifications were observed, and are superimposed in the left panel 


regard that many V1/V2-directed antibodies are substantially more 
quaternary-structure preferring than PG9 (refs 10-12, 31). The 
quaternary-specific nature of the epitope may thus reflect a functional 
adaptation of HIV-1. 


A conserved CDR H3 motif for V1/V2 recognition 


Sequences of other V1/V2-directed broadly neutralizing antibodies 
indicate the presence of long CDR H3s, but little other sequence 
conservation (Fig. 5a). We have not yet been able to determine struc- 
tures of other class members in complex with V1/V2, but nonetheless 
sought to provide insight into their conserved features of recognition 
by analysing unbound Fab structures. 

The structure of unbound PG9 Fab (3.3-A resolution, four molecules 
per asymmetric unit; Supplementary Fig. 16 and Supplementary Table 19) 
revealed considerable CDR H3 flexibility, similar to that observed previ- 
ously with PG16 (ref. 30). For CH01-CH04 antibodies", crystallization 
was attempted for antigen-binding fragments and for six heavy/light- 
chain somatic chimaeras (Supplementary Table 20). Structures were 
determined for CH04 Fab and also for the CHO04H/CHO02L Fab, the 
latter in two different crystal forms (Supplementary Fig. 17 and Sup- 
plementary Table 19). These structures revealed an anionic CDR H3 for 
CH04, which extended above the rest of the combining site ina manner 
similar to the CDR H3s of PG9 and PG16 (Fig. 5b). With CH04, 
however, the extended hairpin was twisted ~90°, to an orientation that 
bisected heavy and light chains. The spacing between the protruding 
CDR H3 and the rest of the combining region was reduced by 8 A 
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and labelled PG9-1 to PG9-6. Individual fitting for classes PG9-1, PG9-3 and 
PG9-5 are shown after rigid-body alignment of Fab PG9-scaffold-V1/V2, Fab 
T13 and core gp120 (in the conformation bound by the CD4-binding site 
antibody F105; ref. 20). c, Comparison of crystallographically defined PG9 
paratope with neutralization-defined PG16 paratope. Scaffold-V1/V2 
interactive surface of PG9 in ZM109 (left) and CAP45 (middle) contexts is 
shown along with the PG16 paratope (right) as defined by arginine-scanning 
mutagenesis (residues mutated to arginine are coloured according to the fold- 
increase in [Co for the mutant relative to wild type: yellow for <50, orange for 
<100 and red for >100; orange-highlighted residue is Trp 64 in the CDR H2). 
Perpendicular views of the paratope, rotated by 90° about a horizontal axis, are 
shown in top and bottom rows. 


relative to that of PG9, and no CDR H3 tyrosine sulphation was 
observed. 

With PGT141-145 antibodies’, Fab crystals of unbound PGT145 
diffracted to 2.3 A and revealed an extended, tyrosine-sulphated CDR 
H3 loop, which, like those of PG9, PG16 and CH04, reached substantially 
beyond the rest of the CDR loops. In contrast, the B-hairpin of CDR H3 
extended vertically (parallel to the long axis of the Fab) (Fig. 5b, 
Supplementary Fig. 18 and Supplementary Table 19) and was rigidified 
by extensive tyrosine stacking (along with the standard strand-strand 
hydrogen bonding). Its negatively charged tip (including two sulphated 
tyrosines) was followed by a Gly-containing potential ‘hinge’ and 
resembled an extended version of the CDR H3 of antibody 2909 
(refs 32, 33), a highly quaternary-structure-sensitive antibody*** that 
recognizes an immunotype variant of the V1/V2 target site in which a 
Lys is substituted for the N-linked glycan at position 160 (ref. 35). 

Thus, despite having been derived from three different individuals, 
antibodies from this class of V1/V2-directed broadly neutralizing 
antibodies all showed anionic protruding CDR H3s (Fig. 5b), most 
of which were tyrosine sulphated. All also displayed B-hairpins and, 
although these varied substantially in orientation relative to the rest of 
the combining site, all appeared capable of penetrating an N-linked 
glycan shield to reach a cationic protein surface. 


AVI1/V2 site of HIV-1 vulnerability 


With both CAP45 and ZM109 strains of gp120, the V1/V2 site recog- 
nized by PG9 consists primarily of two glycans and a strand (Fig. 6a). 
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Figure 5 | CDR H3 features of V1/V2-directed broadly neutralizing 
antibodies. a, b, A protruding anionic CDR H3 is preserved in members of this 
broadly neutralizing class of antibodies. a, CDR H3 sequence alignment. 
Cohort, donor information and sequences in the CDR H3 are shown for 
V1/V2-directed antibodies (note that Kabat”” numbering and formatting is 
shown for PG9, to which other antibodies are aligned). Positively charged 
residues are boxed in blue and negatively charged residues in red. Residues that 
make hydrogen bonds to CAP45 residues (magenta) or glycans (purple) are 
denoted with symbols above the alignment (side-chain hydrogen bonds are 
indicated by open circles with dashes, main-chain hydrogen bonds by closed 
circles, or main-chain and side-chain hydrogen bonds by closed circles with 


dashes). Similar contacts are shown for ZM109 residues (green) or glycans 
(grey). Sulphated tyrosines are circled or squared if the post-translational 
modification has been confirmed crystallographically or by mass spectrometry, 
respectively. The sequence for the V1/V2-directed strain-specific antibody, 
2909, is also included. b, Protruding CDR H3, displayed as ribbon diagrams 
with sulphated tyrosines shown in spheres and paired with electrostatic surface 
potentials coloured blue to red, corresponding to positive and negative surface 
potentials, respectively. All CDR H3s are aligned so that the light chain would 
be on the left and the heavy chain on the right (as in Supplementary Fig. 17). 
Average electrostatic potentials are shown for specified CDR H3 and V1V2 
surfaces. 
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Figure 6 | Two glycans and a strand comprise a V1/V2 site of vulnerability. 
a, b, Glycan, electrostatic and sequence-independent interactions allow PG9 to 
recognize a glycopeptide site on V1/V2. a, Site characteristics in CAP45 strain 
of HIV-1. Glycans 160 and 156 (173 with ZM109) are highlighted in green, and 
strands B and C are highlighted in magenta, with the rest of V1/V2 in semi- 
transparent white. The interactive surface of V1/V2 with PG9 is shown, 
coloured according to the local electrostatic potential as in Fig. 5b. The 
contribution of each structural element to that surface is provided as a 
percentage of the total. Although the V1/V2 scaffolds used here do not allow a 
comprehensive analysis of the overall antibody response to this region of gp120, 
in addition to assisting with structural definition of effective V1/V2-directed 


neutralization, the V1/V2 scaffolds may have utility in attempts to direct the 
V1/V2-elicited response away from the hypervariable loops to the conserved 
strands—especially the site of vulnerability highlighted here. b, Saturation 
transfer difference (STD) NMR for Man;GlcNAc,-Asn binding to PG9. Top, 
STD spectrum of 1.5mM Man;GlcNAc,-Asn in the presence of 15 uM Fab 
PG9 (lower spectrum) is paired with the corresponding reference spectrum 
(upper spectrum). Bottom left, Langmuir binding curve as a function of glycan 
concentration, used to obtain the Kg (Asrp signals correspond to N-acetyl 
protons, which are shown in the boxed area of the top panel). Bottom right, 
stacked STD NMR spectra as a function of Man;GlcNAc,-Asn concentration. 
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Minor interaction with strand B and with the B—C connecting loop (3% 
and 3-5% of the total interactive surface, respectively) complete the 
epitope, with the entire PG9-recognized surface of V1/V2 contained 
within the B-C hairpin (Supplementary Table 21). The minimal nature 
of this epitope suggests that it might be easier to engineer and to present 
to the immune system than other, more complex, epitopes. The epitopes 
for antibodies b12 and VRCO1, for example, are comprised of seven and 
six independent protein segments’*”*, respectively. The presence in the 
PG9 epitope of N-linked glycosylation, which is added by host cell 
machinery, does provide a potentially complicating factor for humoral 
recognition. 

Toassess glycan affinities, we used saturation transfer difference NMR. 
In the crystal structure, recognition by PG9 occurs with protein-proximal 
N-acetylglucosamine and terminal mannose saccharides. With 1.5 mM 
(N-acetylglucosamine),, interaction with PG9 was not observed (Sup- 
plementary Fig. 19), whereas with 1.5mM oligomannose-5, weak 
interactions were observed (Supplementary Fig. 20). We further carried 
out a titration series with Asn-(N-acetylglucosamine),(mannose); and 
determined its affinity for PG9 to be 1.6+0.9mM (Fig. 6b). The 
weak affinity for glycan (surprising in the face of such a large contact 
surface and multiple hydrogen bonds) provides a potential explanation 
for the reported lack of PG9 autoreactivity despite its N-glycan depend- 
ence’® (specificity for oligomannose-5 probably also reduces PG9 
autoreactivity, as this glycan is infrequently displayed on the surface 
of mammalian cells). 

Strand C is the most cationic of the V1/V2 strands. This conserved 
cationic character—present in the target-cell-facing V1/V2 cap of the 
viral spike—may relate to the observed anionic interactions of the 
viral spike, both with dextran sulphate*”** and other polyanions*”*° 
or with heparan sulphate on the cell surface*’. In terms of the ionic 
interactions of PG9 itself, we observed sulphation to increase affinity 
and neutralization potency by ~10-fold’” (Supplementary Fig. 5). 
Ionic PG9 interactions may thus mimic the functional polyanion- 
V1/V2 interactions that HIV-1 uses for cell surface attachment during 
the initial stages of virus cell entry. 

Strand C is also the most variable of the V1/V2 strands. Its location, 
at the edge of the sheet, however, provides an opportunity for 
sequence-independent recognition, through its exposed main-chain 
atoms. Whereas the four hydrogen bonds made by the main chain of 
PG9 probably contribute only a small portion of the overall binding 
energy, the surface of V1/V2 involved in main-chain interactions with 
PG9 totals 348 and 350 A? in the CAP45 and ZM109 complexes, 
respectively, potentially providing a substantial contribution to the 
overall binding energy (Supplementary Table 21). This type of B-sheet 
interaction, for example, is the primary interaction between the CDR 
H3 of antibody 447-52D and the V3 of gp120 (ref. 42) in a 3-and- 
almost-4-stranded -sheet. 


Vaccine implications 

The different types of PG9 interaction, involving glycan, electrostatic 
and sequence-independent interactions, all seem to be necessary for 
PG9 function. Such multicomponent recognition may also provide a 
mechanism that enables the immune system to overcome evasion 
associated with individual components of the interaction. Thus, for 
example, glycan-only affinity might lead to autoreactivity, and surface 
areas of electrostatic and sequence-independent interactions might be 
individually too small to generate sufficient affinity for tight interac- 
tions. Together, however, the glycan, electrostatic and sequence- 
independent interactions achieve the substantial level of affinity 
required for potent neutralization. 

In longitudinal studies, antibody responses that require glycan, 
either at residue 160, as described here, or at residue 332, constitute 
the most commonly elicited initial broadly neutralizing responses”, an 
observation also seen with elite neutralizers'*. In such studies, trans- 
mitted/founder viruses in some cases did not show canonical glycosy- 
lation (for example, at positions 160 or 332), but acquired these under 


342 | NATURE | VOL 480 | 15 DECEMBER 2011 


immune selection”. Thus it seems that N-linked glycosylation at par- 
ticular residues is selected as a means of immune evasion, but that these 
same glycans—now part of a homogeneous glycan array—can be 
recognized by very broadly neutralizing antibodies. Recent structural 
results indicate that a number of 332-glycan-dependent antibodies also 
use protruding CDR H3s and, in at least one case, the antibody 
(PGT128) recognizes an epitope composed of two glycans and a 
strand**. Collectively these results suggest that an antibody with a 
penetrating CDR H3 that recognizes a conserved glycan and neigh- 
bouring polypeptide is a paradigm for humoral recognition of heavily 
glycosylated antigens. 

Lastly, we note that recent immune analyses of the RV144 vaccine 
trial suggest that the presence of V1/V2-reactive antibodies associates 
inversely with HIV-1-infection risk***’. What role these antibodies 
have in protection, however, is unknown. It is nonetheless fascinating 
that the V1/V2 domain—which functions in evading antibody- 
mediated neutralization—is itself a site of effective neutralization by 
a number of broadly neutralizing antibodies (for example, by PG9, 
CH04 and PGT145) and that antibodies against this domain seem to 
be an indicator of a successful vaccine outcome. 


METHODS SUMMARY 


Proteins that could accommodate backbone grafting of the V1/V2 stub from HIV- 
1 gp120 were identified using the Multigraft Match algorithm* implemented in 
Rosetta. Potential V1/V2 scaffolds were examined manually and, if necessary, 
optimizations were made to accommodate full-length V1/V2 loops (residues 
126-196) or to alter scaffold properties (for example, mutating the intrinsic 
immunoglobulin affinity of 1FD6; ref. 49). For each V1/V2 scaffold, protein-A- 
purified PG9, altered to remove light-chain glycosylation and to introduce an 
HRV3C cleavage site in the hinge, was bound to Protein A Plus agarose, and the 
V1/V2 scaffold added. After washing away unbound scaffold, HRV3C protease 
was added to elute the PG9 Fab-V1/V2 scaffold complex. Complexes of PG9 Fab 
bound to 1FD6-CAP45 or 1FD6-ZM109 crystallized in similar conditions” 
(8-17% (w/v) PEG 3350, 5-10% (v/v) 2-methyl-2,4-pentanediol, 0.2 M lithium 
sulphate, 0.1 M imidazole pH 6.5). Crystals were cryoprotected with 15% (v/v) 
2R,3R-butanediol, diffraction data were collected to 2.19 and 1.80A for PG9- 
1FD6-CAP45 and PG9-1FD6-ZM109, respectively, and structures solved by 
molecular replacement. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Design of large V1/V2 scaffolds. Large V1/V2 scaffolds were identified by a 
search of a culled database of high-resolution crystal structures from the PDB, 
using the Multigraft Match algorithm implemented in Rosetta Multigraft®. 
Briefly, the stub of the V1/V2 region from gp120 (PDB code 1RZJ) was treated 
as an epitope, and an exhaustive search was conducted for scaffolds that could 
accommodate backbone grafting of the V1/V2 stub while maintaining backbone 
continuity and avoiding steric clash. Multiple combinations of endpoints on the 
V1/V2 stub were tested, including the following pairs of endpoints in 1RZJ: 
(124, 196), (125, 196), (126, 196), (124, 197), (125, 197), (126, 197), (124, 198), 
(125, 198), (126, 198). Matches were initially accepted with a loop closure r.m.s.d. 
of < 2.0 A anda steric clash between the V1/V2 stub and the scaffold of less than 
1.0 Rosetta units with all atoms present and having allowed for side-chain repacking. 
Only three scaffolds with >500 residues were identified with very low r.m.s.d. loop 
closure (<0.5 A) for the V1/V2 stub. To obtain additional scaffolds, a list of high- 
resolution structures of large chains was constructed (346 chains included) and the 
V1/V2 stub was grafted at manually selected sites on all unique proteins in that list, 
using explicit flexible backbone loop closure in RosettaRemodel*". If RosettaRemodel 
could produce a grafted V1/V2 stub with a fully closed chain while maintaining 
hydrogen bonding in the remodelled region and without creating significant pockets 
in the structure, the output model was accepted as a scaffold candidate. The final 
scaffold sequences included the full-length YU2 V1/V2 sequence in place of the stub. 
Design of small V1/V2 scaffolds. A database of small protein structures was 
created, with ligands removed and non-standard amino acids replaced by appro- 
priate analogues. Candidate scaffolds were identified using the Multigraft Match 
algorithm as described above*’. From the thousands of matches that passed these 
filters, the lowest r.m.s.d. match for each PDB code was examined manually to 
identify scaffolds with good packing, adequate tertiary structure supporting the 
V1/V2 stub, a minimum of buried unsatisfied polar residues, and adequate space 
to accommodate the large, glycosylated V1/V2 loops. In some cases, scaffolds 
were re-designed to improve these features using human-guided computational 
(fixed backbone) design. Once the scaffold design and grafting of the V1/V2 stub 
was completed, it was considered possible to insert any desired full-length V1/V2 
sequence. This study initially used the YU2 V1/V2 sequence. A total of 11 scaf- 
folds were designed in this manner, based on the following PDB entries: 1CHLA, 
1FD6A, 1G6MA, IIP9A, 1IW4A, IJLZA, 1QPMA, IXBDA, 1XQQA, 1YWJA 
and 1BRZ. An alanine mutation was made in the 1FD6 scaffold to remove 
intrinsic immunoglobulin affinity”. Two additional scaffolds were selected 
manually from crystal structures of small, stable proteins but were designed 
similarly using Multigraft Match; these scaffolds were based on PDB entries 
1E6G and 1JO8. 

Expression and purification of V1/V2 scaffolds. Mammalian codon-optimized 
genes encoding V1/V2 scaffolds were synthesized with an artificial N-terminal 
secretion signal and a C-terminal HRV3C recognition site followed by an 8X -His 
tag and a StreptaglII. V1/V2 sequences were from HIV-1 strains TRJO, CAP45, 
ZM53, ZM109 or 16055. The genes were cloned into the XbaI/BamHI sites of the 
mammalian expression vector pVRC8400, and transiently transfected into HEK 
2938 GnTI ‘~ cells*’, which were used due to a requirement for a Man;GlcNAc) 
at position 160 by PG9 and other broadly neutralizing V1/V2-directed antibodies. 
Scaffolds were purified from the media using Ni?*-NTA resin (Qiagen), and the 
eluted proteins were digested with HRV3C (Novagen) before passage over a 16/60 
$200 size exclusion column. Monodisperse fractions were pooled and passed over 
Ni?*-NTA resin to remove any uncleaved scaffold or residual HRV3C protease. 
The scaffolds were flash frozen in liquid nitrogen and stored at —80 °C. 
Glycosylation mutants were expressed and purified in a similar manner. 
Expression and purification of PG9 N23Q HRV3C. A mammalian codon- 
optimized gene encoding the PG9 heavy chain with an HRV3C recognition site 
(GLEVLFQGP) inserted after Lys235 was synthesized and cloned into 
pVRC8400. Similarly, the PG9 light chain was synthesized and cloned into the 
pVRC8400 vector, and an N23Q mutation was introduced to remove the sole 
glycosylation site on PG9. The modified PG9 heavy and light chain plasmids were 
transiently co-transfected into HEK 293F cells, and IgG was purified from the 
supernatant after 5 days using Protein A agarose (Pierce). 

Formation and purification of PG9-V1/V2 scaffold complexes. Approximately 
3 mg of purified PG9 N23Q HRV3C IgG was bound to 750 ll Protein A Plus 
agarose (Pierce) in a disposable 10 ml column. To this resin was added 6 mg of 
purified V1/V2 scaffold (~20-fold molar excess over PG9 IgG). After washing 
away unbound scaffold with PBS, the column was capped and 40 pl of HRV3C 
protease at 2 U yl’ was added to the resin along with 1 ml of PBS. After 1h at 
room temperature, the resin was drained, the eluate collected and passed over a 16/ 
60 $200 column. Fractions corresponding to the PG9-V1/V2 complex were pooled 
and concentrated to ~5 mg ml '. 


PG9-V1/V2 complex crystallization and data collection. A complex of PG9 
bound to 1FD6-ZM109 with four N-linked asparagines mutated to alanine (Asn 
160 and Asn 173 were retained) was screened against 576 crystallization condi- 
tions using a Cartesian Honeybee crystallization robot. Initial crystals were grown 
by the vapour diffusion method in sitting drops at 20°C by mixing 0.2 ul of 
protein complex with 0.2 ul of reservoir solution”? (17% (w/v) PEG 3350, 10% 
(v/v) 2-methyl-2,4-pentanediol, 0.2 M lithium sulphate, 0.1 M imidazole pH 6.5). 
Crystals suitable for diffraction were manually reproduced in hanging drops by 
mixing equal volumes of protein complex with reservoir solution”? (8% (w/v) 
PEG 3350, 5% (v/v) 2-methyl-2,4-pentanediol, 90 mM lithium sulphate, 45 mM 
imidazole pH 6.5). Single crystals were flash frozen in liquid nitrogen in 12% (w/ 
v) PEG 3350, 0.2M lithium sulphate, 0.1. M imidazole pH6.5 and 15% (v/v) 
2R,3R-butanediol. Data to 1.80A were collected at a wavelength of 1.00 A at 
the SER-CAT beamline ID-22 (Advanced Photon Source, Argonne National 
Laboratory). 

A complex of PG9 and 1FD6-CAP45 at 2.2 mg ml! was also screened against 

576 crystallization conditions. Initial crystals were grown in the same reservoir 
solution as for PG9-1FD6-ZM109. Crystals were manually reproduced in hang- 
ing drops by mixing equal volumes of protein complex with reservoir solution” 
(13% (w/v) PEG 3350, 11% (v/v) 2-methyl-2,4-pentanediol, 0.2 M lithium sul- 
phate, 0.1 M imidazole pH 6.5). Single crystals were bathed in a cryoprotectant of 
20% (w/v) PEG 3350, 0.2 M lithium sulphate, 0.1 M imidazole pH 6.5, and 15% 
(v/v) 2R,3R-butanediol followed by immersion in Paratone-N and flash frozen in 
liquid nitrogen. Data to 2.19 A were collected at a wavelength of 1.00 A at the SER- 
CAT beamline BM-22. 
PG9-V1/V2 complex structure determination, model building and refine- 
ment. Diffraction data were processed with the HKL2000 suite” and a molecular 
replacement solution for the 1FD6-ZM109 data set consisting of two unbound 
PG9 Fab molecules per asymmetric unit was obtained using PHASER”. Model 
building was carried out using COOT™, and refinement was performed with 
PHENIX”. Electron density for the MansGlcNAc attached to Asn 160 and the 
two disulphide bonds were used as landmarks to build the V1/V2 strands. Final 
data collection and refinement statistics are presented in Supplementary Table 7. 
The Ramachandran plot as determined by MOLPROBITY” shows 98.0% of all 
residues in favoured regions and 100% of all residues in allowed regions. 

The PG9-1FD6-ZM109 structure was used as the search model for the PG9- 
1FD6-CAP45 data set. A molecular replacement solution consisting of two com- 
plexes per asymmetric unit was obtained using PHASER™, and COOT™ and 
PHENIX®* were used for model building and refinement, respectively. The 
Ramachandran plot for this complex as determined by MOLPROBITY”* shows 
97.3% of all residues in favoured regions and 100% of all residues in allowed 
regions. 

Surface plasmon resonance. The binding kinetics of different V1/V2 scaffolds to 
antibodies PG9 and PG16 were determined on a Biacore T-200 (GE Healthcare) 
at 25°C with buffer HBS-EP+ (10mM HEPES, pH 7.4, 150mM NaCl, 3mM 
EDTA, and 0.05% surfactant P-20). For comparison, PG9 and PG16 binding to 
full-length HIV-1 gp120 proteins was performed in parallel. The effects of the 
gp120 V3 loop on antibody binding were also assessed with V3 loop-deleted 
gp120 proteins. In total, five full-length gp120 proteins (strains ZM109, 16055, 
AD244, CAP45, and TRJO), two V3 loop-deleted gp120 proteins (16055AV3 and 
AD244AV3) and five V1/V2 scaffolds (1FD6-ZM109, 1JO8-ZM109, 1FD6- 
16055, 1JO8-CAP45 and 1JO8-TRJO) were immobilized onto CM5 chips to 
500 response units (R.U.) with standard amine coupling. PG9 Fab and PG16 
Fab were injected over the channels at 2-fold increasing concentrations with a 
flow rate of 30 ul min’ for 3 min and allowed to dissociate for another 5 min. 
Regenerations were performed with one 25 1] injection of 3.0 M MgCl, at a flow 
rate of 50 pl min’ following the dissociation phase. T-200 Biacore Evaluation 
software was used to subtract appropriate blank references and fit sensorgrams 
globally using a 1:1 Langmuir model. In some cases, especially the binding to V1/ 
V2 scaffolds, the sensorgrams could not reasonably be fit to a 1:1 Langmuir model 
due to heterogeneity of the immobilized ligands, and thus a 1:1 model assuming 
heterogeneous ligands was used. The relative percentage of each component in 
the heterogeneous ligands was calculated by its contribution to the total Rmax 
and the kinetic parameters are listed separately in Supplementary figures. Mass 
transfer effects were assessed by the f, values given by the T-200 Biacore 
Evaluation software. No significant mass transport effects were detected in all 
measurements (t, > 101°). 

Electron microscopy and image processing. Negative stained grids were pre- 
pared by applying 40 pg ml! of the purified T13-gp120 16055 (82-492)-PG9 
ternary complex to a freshly glow discharged carbon-coated 400 Cu mesh grid 
and stained with 2% uranyl formate. Grids were viewed using a FEI Tecnai TF20 
electron microscope operating at a high tension of 120kV at the National 
Resource for Automated Molecular Microscopy. Initial models were generated 
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using the random conical tilt method through the Appion package*’”*. Images 
were acquired at a magnification of X 62,000 with a defocus range of 1.5 to 2.5 um 
onto a Gatan 4k X 4k CCD using the Leginon package”. The pixel size of the 
CCD was calibrated using a two-dimensional catalase crystal with known cell 
parameters. The initial models were improved using a data set collected at a 
magnification of X 150,000 at 0°, 15°, 30°, 45° and 55° tilts with a defocus range 
of 500-700 nm through a multi-model approach developed in-house with the 
SPIDER package”. The tilts provided additional particle orientations to improve 
the image reconstructions. 

PG9 Fab crystallization and refinement. PG9 Fab with an N23Q mutation in the 
light chain was obtained by cleaving the recombinant IgG described above with 
HRV3C protease, followed by gel filtration chromatography. PG9 Fab at a con- 
centration of 13.7 mg ml! was screened against 576 crystallization conditions, 
and initial crystals were obtained using the sitting-drop vapour diffusion method. 
Crystals were obtained from a reservoir’? containing 25% (w/v) PEG 3350, 15% 
(v/v) 2-methyl-2,4-pentanediol, 0.2 M lithium sulphate, 0.1 M imidazole pH 6.5. 
After cryo-protection with 15% 2R,3R-butanediol, crystals were mounted and 
flash frozen in liquid nitrogen. Data to 3.30 A were collected at a wavelength of 
1.00 A at the SER-CAT beamline ID-22. Statistics for data collection and data 
processing in HKL2000° are summarized in Supplementary Table 19. The struc- 
ture in space group P1 was solved by molecular replacement using the program 
PHASER*® with the PG16 Fab structure (PDB ID 3LRS)*° as a search model. 
Model building and refinement were performed using COOT™ and PHENIX”, 
respectively. Refinement statistics for the PG9 Fab model are reported in 
Supplementary Table 19. 

CH04 and CH04H/CHO02L Fab expression, crystallization and refinement. A 
mammalian codon-optimized gene encoding the CH04 heavy chain with a stop 
codon inserted after Asp 234 was synthesized and cloned into pVRC8400. 
Similarly, the CH04 and CH02 light chains were synthesized and cloned into 
the pVRC8400 vector. The CH04 heavy and light chain plasmids were transiently 
co-transfected into HEK 293F cells (or CH04 heavy with CH02 light chain), and 
Fab was purified from the supernatant after 5 days using Kappa agarose column 
(CaptureSelect Fab k; BAC). CH04 and CH04H/CH02L Fabs at a concentration 
of 16mgml ' and 10mg ml’, respectively, were screened against 576 crystal- 
lization conditions using a Cartesian Honeybee crystallization robot. CH04 Fab 
crystals were obtained in 20% (w/v) PEG 8000, 3% (v/v) 2-methyl-2,4-pentanediol, 
70 mM imidazole pH 6.5. Single crystals were flash frozen in liquid nitrogen in 24% 
(w/v) PEG 8000, 3.4% (v/v) 2-methyl-2,4-pentanediol, 85 mM imidazole pH 6.5 
and 15% (v/v) 2R,3R-butanediol. CHO4H/CHO02L Fab crystals were obtained in 
16% PEG 400, 8% PEG 8000, 0.1 M acetate pH 4.5 (orthorhombic forms) and 15% 
PEG 3350, 9% 2-methyl-2,4-pentanediol, 0.1 M lithium sulphate, 0.1 M imidazole 
pH.6.5 (tetragonal forms). Data to 1.90 A (CH04 Fab) and 2.90 A (CH04H/CH02L 
Fab) were collected at a wavelength of 1.00 A at the SER-CAT beamline ID-22 and 
BM-22, respectively. 

Diffraction data were processed with the HKL2000 suite? and a molecular 
replacement solution for the CH04 data set consisting of two CH04 Fab molecules 
per asymmetric unit was obtained using PHASER® and PDB ID codes 1DFB 
(heavy chain)*' and 1QLR (light chain)” as search models. CH04 Fab was used as 
the search model for CH04H/CH02L. Model building was carried out using 
COOT™, and refinement was performed with PHENIX®. Final data collection 
and refinement statistics are presented in Supplementary Table 19. 

PGT145 Fab expression, crystallization and refinement. Expression and puri- 
fication of PGT145 was performed using a similar protocol to that previously 
described’. Briefly, the Fab was produced as a secreted protein by co-transfecting 
the heavy and light chain genes into HEK 293T cells. Three days after transfec- 
tion, the media was recovered, concentrated and flowed over an anti-human « 
light chain affinity matrix (CaptureSelect Fab k; BAC). The eluted fraction con- 
taining the Fab was further purified by cation exchange chromatography followed 
by size-exclusion chromatography. PGT145 Fab ata concentration of 10 mg ml * 
was crystallized using the sitting-drop vapour diffusion method. Crystals were 
obtained in a mother liquor containing 0.1 M HEPES, pH 7.5, 2M ammonium 
sulphate and 20% PEG 400. After cryo-protection in 20% glycerol, crystals were 
mounted and flash frozen in liquid nitrogen. PGT145 Fab crystals were exposed 
to a monochromatic X-ray beam at the Advanced Photon Source Sector 23-ID 
(Argonne National Laboratory). Statistics for data collection and data processing 
in HKL2000* are summarized in Supplementary Table 19. The structure in space 
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group P4,2;2 was solved by molecular replacement using the program PHASER” 
with the PG16 Fab structure (PDB ID 3MUG)” as a search model. Refinement of 
the structure was performed using a combination of CNS®, CCP4** and COOT™. 
The final statistics of the refined PGT145 Fab model are reported in 
Supplementary Table 19. 

STD experiments by NMR. All NMR experiments were carried out at 298 K on 
Bruker avance 600 or avance 500 instruments equipped with a triple resonance 
cryo-probe incorporating gradients in z-axis. 1D STD spectra were acquired by 
selectively irradiating at —1 p.p.m. and +40p.p.m. as on- and off-resonance 
frequencies, respectively, using a train of 50 ms Gaussian-shaped radio frequency 
pulses separated by 1-ms delays and an optimized power level of 57 dB. During 
NMR experiments water suppression was achieved by binomial 3-9-19 pulse 
sequence and protein resonances were suppressed by applying 10 ms T1p filter. 
Samples were prepared in 20 mM sodium phosphate buffer containing 50 mM 
sodium chloride at pH 6.8. The NMR data were processed and analysed by using 
TOPSPIN 2.1. The STD amplification factor, Agrp, was obtained according to the 
equation, Asrp = (Io - Isat) Io 1 ({L,]/[P]), where L; and Pare the total ligand and 
protein concentrations, respectively”. 

Surface areas and average surface electrostatic potential calculations. Surface 
area calculations were performed using PISA® and MS”. The interactive surfaces 
with PG9 for CAP45 and ZM109 were obtained using PYMOL™ and selecting 
atoms of V1/V2 within 5.5 A of PG9 residues. Electrostatic surface potentials for 
the CDR H3 and interacting surface for CAP45 and ZM109 were obtained using 
GRASP. The Poisson-Boltzmann (PB) potential grid map and surface points of 
each CDR H3 region and CAP45 and ZM109 interacting surfaces were deter- 
mined using GRASP. The PB potential for each surface point was determined by 
trilinear interpolation from the values of the eight corners of the cube where the 
surface point resided in. The average surface PB potential is the linear average of 
the PB potentials of all surface points. 

Figures. Structure figures were prepared using PYMOL™. 
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Supernova SN 2011fe from an exploding carbon- 


oxygen white dwarf star 


Peter E. Nugent”, Mark Sullivan’, S. Bradley Cenko’, Rollin C. Thomas!, Daniel Kasen'*, D. Andrew Howell®”®, David Bersier’, 
Joshua S. Bloom?, S. R. Kulkarni®, Michael T. Kandrashoff?, Alexei V. Filippenko?”, Jeffrey M. Silverman’, Geoffrey W. Marcy’, 
Andrew W. Howard’, Howard T. Isaacson’, Kate Maguire’, Nao Suzuki’, James E. Tarlton’, Yen-Chen Pan’, Lars Bildsten’, 
Benjamin J. Fulton®®, Jerod T. Parrent®?°, David Sand*°, Philipp Podsiadlowski’, Federica B. Bianco”’®, Benjamin Dilday”*, 
Melissa L. Graham*°, Joe Lyman’, Phil James’, Mansi M. Kasliwal®, Nicholas M. Law", Robert M. Quimby”, Isobel M. Hook*°, 
Emma S. Walker", Paolo Mazzali!®*!°, Elena Pian'**'®, Eran O. Ofek®”, Avishay Gal-Yam"” & Dovi Poznanski!?'® 


Type Ia supernovae have been used empirically as ‘standard candles’ to 
demonstrate the acceleration of the expansion of the Universe’* even 
though fundamental details, such as the nature of their progenitor 
systems and how the stars explode, remain a mystery*®. There is 
consensus that a white dwarf star explodes after accreting matter in 
a binary system, but the secondary body could be anything from a 
main-sequence star to a red giant, or even another white dwarf. This 
uncertainty stems from the fact that no recent type Ia supernova has 
been discovered close enough to Earth to detect the stars before 
explosion. Here we report early observations of supernova SN 2011fe 
in the galaxy M101 at a distance’ from Earth of 6.4 megaparsecs. We 
find that the exploding star was probably a carbon-oxygen white 
dwarf, and from the lack of an early shock we conclude that the 
companion was probably a main-sequence star. Early spectroscopy 
shows high-velocity oxygen that slows rapidly, on a timescale of 
hours, and extensive mixing of newly synthesized intermediate- 
mass elements in the outermost layers of the supernova. A companion 
paper*® uses pre-explosion images to rule out luminous red giants 
and most helium stars as companions to the progenitor. 

Supernova 2011fe was detected in the Pinwheel galaxy (M101; 
Fig. 1) on 2011 August 24.167 (03:59 UT) with a g-band magnitude 
of 17.35 mag by the Palomar Transient Factory (PTF). Observations 
on the previous night revealed no source to a limiting magnitude of 
21.5 mag. Given the distance to M101 of 6.4 Mpce (ref. 7), this first 
observation identified the supernova at an absolute magnitude of 
—11.7, roughly 1/1,000 of its peak brightness. 

Following an alert sent to the PTF consortium (at 19:51 ur), obser- 
vations were immediately undertaken by NASA’s Swift satellite, and 
spectroscopic observations were carried out at 20:42 uT on the robotic 
Liverpool Telescope (La Palma, Canary Islands) equipped with the 
FRODOSpec spectrograph. After the calibration of this spectrum, at 
23:47 UT an Astronomer’s Telegram was issued’ identifying SN 2011fe 
as a young supernova of type Ia. Eight hours later, a low-resolution 
spectrum was obtained with the Kast spectrograph at the Lick 3-m 
Shane telescope (Mt Hamilton, California) and a high-resolution spec- 
trum was obtained with the HIRES spectrograph at the Keck I tele- 
scope (Mauna Kea, Hawaii). These spectra are presented in Fig. 2 
(Supplementary Information). 

The discovery and extensive follow-up photometry allow us to 
estimate the time of explosion to high precision (Fig. 3). At very early 


times, the luminosity should scale as the surface area of the expanding 
fireball and thus is expected to increase as t”, where t is the time since 
the explosion. This assumes that neither the photospheric temperature 
nor the velocity changes significantly and that the input energy from 
the radioactive decay of *°Ni to *°Co is relatively constant over this 
period and occurs near the photosphere. Observations by Swift show 
only small changes in the relative flux between the optical and 
ultraviolet spectral ranges, and the velocity evolution over the first 
24h is small—consistent with these assumptions (Supplementary 
Information). 

Using this ‘f’ model’, we find an explosion time at modified Julian 
date (MJD) 55796.696 + 0.003 (Fig. 3). Letting the exponent of the 
power law differ from two, which captures some of the deviations from 
the fireball model, and fitting just the first three nights of data, results 
in a best-fit explosion date of MJD 55796.687 + 0.014 (2011 August 23, 
16:29 + 20 min ur). The exponent of the power law is 2.01 + 0.01, 


Figure 1 | PTF g-band image sequence of the field of M101 showing the 
appearance of SN 2011fe. From left to right, images are from August 23.22, 
24.17 and 25.16 ur. The supernova was not detected on the first night to a 3a 
limiting magnitude of 21.5 mag, was discovered at magnitude 17.35 mag and 
increased by a factor of ten in brightness to 14.86 mag the following night. The 
supernova peaked at magnitude ~9.9 mag, making it the fifth-brightest 
supernova in the past century. The PTF is a wide-field optical experiment 
designed to explore the variable sky systematically on a variety of timescales, 
with one particular focus being the very early detection of supernovae”. 
Discoveries such as this one have been made possible by coupling real-time 
computational tools to extensive astronomical follow-up observations”. 
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Figure 2 | Spectra of SN 2011 fe taken 1.5 d after the explosion. Ions typical 
of pre-maximum type Ia supernovae are seen: O 1, Mg U1, Silt, Su, Ca land Fe II 
are present at photospheric velocities of 16,000 kms. In addition, the fit 

shows the presence of C 11 at wavelengths of 2 = 6,580 and 7,234 A. Both high- 
velocity Si 1 and Ca 11 are seen (with velocities exceeding 21,000 km s'), as is 
high-velocity O 1 (green highlighted region), the first evidence of such a feature 
ina type Ia supernova. This feature evolves in ~8 h, between the measurements 
of the first two low-resolution spectra. LT, Liverpool Telescope. Inset, Keck I + 
HIRES spectrum centred on the NaI D line. In this wavelength range, we 

identify only a single significant absorption feature. Fitting a Gaussian profile to 


consistent with the model discussed above. On the basis of these fits, 
our first data points were obtained just over 11h after SN 2011fe 
exploded. 

We analysed the Lick spectrum of SN 2011fe using the automated 
supernova spectrum interpretation code SYNAPPS” (Supplementary 
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Figure 3 | Early photometry of SN 2011 fe shows a parabolic rise and 
constrains the time of explosion. a, Relative g-band flux as a function of time 
for the first four nights after detection. Here we have fit the rise with a f° fireball 
model: we assume that the flux is proportional to (t — begs where fx, denotes 
the time of explosion. b, Residuals from the fit. By letting the exponent differ 
from two, allowing for a potential departure from the fireball model and only 
fitting the first three nights of data, we find a best-fit explosion date of August 
23.687 + 0.014 uT. On the basis of these fits, our first data points were obtained 
just over 11h after SN 2011fe exploded. Error bars, 1a. 


it (blue line), we measure a central wavelength of A = 5,893.75 + 0.02 Aanda 
full-width at half-maximum intensity of 0.184 + 0.009 A. The inferred line 
equivalent width is W = 0.045 + 0.009 A. If we associate this feature with Na 1 
at J = 5,889.95 A (the stronger of the two components in the NaI doublet), the 
observed wavelength is offset from the rest wavelength by Av = c(Agp5/ 

Arest ~ 1) = 180kms° | (where c denotes the speed of light). Similarly, the line is 
blueshifted from the systemic velocity of M101 (v= 241 + 2kms 5 ref. 26) by 
Avmio1 = —61kms_-. Given the high galactic latitude (b = 59.8°), we consider 
it likely that the absorbing material originates in M101 and that the total 
extinction to the supernova is negligible. 


Information). At this time only a few hundredths of a solar mass of 
material are visible above the photosphere, yet ions typical’? of pre- 
maximum type Ia supernovae are seen: O 1, Mg Ui, Si, S u, Ca 1 and 
Fe 11 are present with velocities of 16,000 km s~ ' The fit also shows the 
presence of C11 at rest wavelengths of 2 = 6,580 and 7,234 A. Iron 111 was 
not needed in the fit. Both high-velocity Si 1 and Ca II are confirmed by 
SYNAPPS (with velocities surpassing 21,000km s }). Notably, 
SYNAPPS finds high-velocity O 1 (velocity in excess of 20,000 kms“) 
for the absorption centred at 7,400 A. This feature evolved significantly 
in only 8h, between the times at which data was taken at the Liverpool 
Telescope and the Lick telescope, with the minimum of the O 1 absorp- 
tion slowing from 18,000 to 14,000kms 1}. The rapid evolution in 
these optically thin layers is best explained in terms of geometrical 
dilution during the early phases. To our knowledge, this is the first 
identification of rapidly evolving high-velocity oxygen in the ejecta ofa 
type la supernova. 

The early-time spectra provide fundamental insight into the explo- 
sion physics of this supernova. As in previous’’ type Ia supernovae, 
intermediate-mass elements dominate the spectrum. In addition, we 
see strong features from unburnt material (carbon and high-velocity 
oxygen). The overlap in velocity space implies that the explosion pro- 
cessed the outer layers of the progenitor white dwarf but left behind (at 
least some) carbon and oxygen. The unburnt material could be con- 
fined to pockets, or the ejecta in the outer layers may be thoroughly 
mixed. The doubly ionized species (for example Si 1m and Fe 11), which 
are often seen in the spectra of many early and maximum-light type Ia 
supernovae’*™, are absent even though our observations were made 
~1 dafter the explosion, when the energy input from radioactive decay 
is near its peak. Supernova 2011fe is spectroscopically most similar 
to the slightly underluminous type Ia SN 1992A and SN 1994D’°"°, 
the second of which also has high-velocity features in the —12-d 
spectrum”’. One potential explanation for this is that although some 
°°Ni has been mixed out to the photosphere, the majority produced in 
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the explosion is confined to the innermost layers of the atmosphere 
and the bulk of the heating is thus well separated from the portion of 
the atmosphere we view in these spectra. 

The early detection of SN 2011fe allows us to put considerable 
constraints on the progenitor system of this type Ia supernova. At early 
times (about 1d or less after explosion), radiative diffusion from the 
shock-heated outer layers of the ejecta is a contributor to the super- 
nova luminosity. The shock can originate either in the detonation of 
the white dwarf" or in a later collision with the companion star’. 
Dimensionally, the shock luminosity in this cooling, expanding 
envelope phase is L x E(t)/ta, where E(t) is the ejecta internal energy 
at the elapsed time, t, and tg is the effective diffusion time through the 
homologously expanding remnant. Because the ejecta in these phases 
are heavily radiation dominated, the internal energy decreases during 
adiabatic expansion as E(t) x Ro/vt, where Ro is the initial radius of the 
star and v is the velocity of the ejecta. Thus, the early-time luminosity is 
proportional to Ro and the effective temperature, T .¢, is proportional 
8 ae oc Ry! : (Supplementary Information). 

Although there must be radioactive heating in the outer layers of the 
supernova, we can make the very conservative upper-limit approxi- 
mation that the earliest g-band photometric point (L ~ 10*° ergs ' at 
~0.5 d) is entirely due to the explosion. We then infer an upper limit to 
the radius of the progenitor star, Rp <0.1Rq (Fig. 4), where Ro is the 
solar radius. This provides compelling, direct evidence that the pro- 
genitor of SN 2011fe was a compact star, namely a white dwarf. When 
we add the early carbon and oxygen observations, we conclude that the 
progenitor must have been a carbon-oxygen white dwarf. 

The early-time light curve also constrains the properties of a binary 
star system”, because the collision of the supernova with a companion 
star will shock and reheat a portion of the ejecta. The resulting luminosity 
is proportional to the separation distance, a, between the stars, and will be 
most prominent for observers aligned with the symmetry axis. If the 
companion were a red giant, the early luminosity would be several 
orders of magnitude greater than that observed, and this possibility 
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Figure 4 | Models and early data limit the radius of the exploding star of SN 
2011fe. The thick red lines show black-body models for the spectrum at 0.5 d 
assuming different values of the progenitor star radius, Ro. The solid lines and 
the dashed lines are derived from two separate analyses'””’. The observed 
g-band photometry point at this time (red circle) constrains the radius of the 
progenitor star (or the surrounding opaque circumstellar medium) to be 
<10!° cm~*0.1Ro. The black spectrum and circles show corresponding model 
predictions (circles) and observations (spectrum) at 1.45 d. In all models, we 
have assumed an ejecta mass equal to the Chandrasekhar mass, an explosion 
energy of 10°! erg and an opacity of 0.2cm?g |, appropriate for electron 
scattering in a singly ionized medium with a mass number/atomic number ratio 
of two. The early-time data indicate that the progenitor of SN 2011fe was a 
compact star, namely a white dwarf. 
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can be ruled out regardless of the viewing angle. A main-sequence 
companion is compatible with the data, unless SN 2011fe happened 
to be seen on-axis (within ~40° of the symmetry axis), in which case 
the luminosity at 0.5d rules out any binary with a<0.1R.. Despite 
this caveat, we conclude that the companion is most likely to be a main- 
sequence star. 

Recent simulations of double-degenerate mergers have found that 
some material from the disrupted secondary white dwarf may get 
pushed out to large radius (10'°-10'* cm), either in the dynamics of 
the merger” or in the subsequent long-term thermal evolution of the 
system”’. The interaction of the ejecta with this roughly spherical 
medium should produce (for all viewing angles) bright, early ultra- 
violet-optical emission, in conflict with what is observed. Our restric- 
tion that the dense circumstellar medium must reside at a radius of 
<10"° cm thus presents a tight constraint for merger models, and only 
a few of those proposed so far may be applicable to this supernova’. 

We caution that the conclusions we have come to regarding SN 
201 1fe rely on a theoretical interpretation. A companion paper® uses 
independent methodology to place direct observational limits on the 
companion star from historical imaging ~ 100 times deeper in absolute 
luminosity than previous attempts using other type Ia supernovae. 

These results come from only the first week or so of observation of 
SN 201 1fe. Being the first close type Ia supernova to be detected in the 
era of modern instrumentation, SN 2011fe will undoubtedly become 
the best-recorded thermonuclear supernova in history, and will be 
studied daily across the spectral range from the ultraviolet to the 
infrared well into the faint nebular phase. As such, it will form the 
foundation on which our knowledge of more distant type Ia super- 
novae is built. 
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Exclusion of a luminous red giant as a companion star 
to the progenitor of supernova SN 2011fe 


Weidong Li!, Joshua S. Bloom', Philipp Podsiadlowski*, Adam A. Miller!, S. Bradley Cenko!, Saurabh W. Jha®, Mark Sullivan’, 
D. Andrew Howell*”, Peter E. Nugent®, Nathaniel R. Butler’, Eran O. Ofek*’, Mansi M. Kasliwal!°, Joseph W. Richards’, 
Alan Stockton, Hsin-Yi Shih’, Lars Bildsten®“, Michael M. Shara!*, Joanne Bibby", Alexei V. Filippenko’, 

Mohan Ganeshalingam', Jeffrey M. Silverman!, S. R. Kulkarni®, Nicholas M. Law’, Dovi Poznanski!®, Robert M. Quimby”, 


Curtis McCully?, Brandon Patel’, Kate Maguire? & Ken J. Shen! 


Type Ia supernovae are thought to result from a thermonuclear 
explosion of an accreting white dwarf in a binary system’’, but 
little is known of the precise nature of the companion star and 
the physical properties of the progenitor system. There are two 
classes of models’*: double-degenerate (involving two white dwarfs 
in a close binary system”*) and single-degenerate models**. In the 
latter, the primary white dwarf accretes material from a secondary 
companion until conditions are such that carbon ignites, at a mass 
of 1.38 times the mass of the Sun. The type Ia supernova SN 201 1fe 
was recently detected in a nearby galaxy’. Here we report an analysis 
of archival images of the location of SN 2011fe. The luminosity of 
the progenitor system (especially the companion star) is 10-100 
times fainter than previous limits on other type Ia supernova pro- 
genitor systems* *°, allowing us to rule out luminous red giants and 
almost all helium stars as the mass-donating companion to the 
exploding white dwarf. 

In a double-degenerate model, the orbit of the two white dwarfs 
shrinks owing to the release of gravitational radiation**. Ultimately, 
the lighter object (the secondary) is disrupted and accretion onto the 
primary ignites runaway thermonuclear fusion. Different single- 
degenerate models can be distinguished by the nature of the secondary: 
the white dwarf can accrete either from a wind (the “symbiotic 
channel”"’), by Rochelobe overflow (the “RLOF channel”), or by 
mass transfer from a helium star (the “helium-star channel’!!*"*), 
The secondary star in the symbiotic channel is often a red-giant star, 
and it is often a subgiant or main-sequence star in the RLOF channel. 

We have analysed the available Hubble Space Telescope observa- 
tions of the nearby galaxy Messier 101 (M101; see Supplementary 
Information). To pinpoint the precise supernova location in the 
Hubble Space Telescope images, we obtained a mosaic image of the 
field of SN 2011 fe with the Near-Infrared Camera 2 (NIRC2) mounted 
behind the adaptive optics system on the Keck II telescope’*. The Keck 
adaptive optics image was astrometrically registered to the Hubble 
Space Telescope/Advanced Camera for Surveys images, yielding a 1o 
precision of 0.021’’ (or 21mas) for the supernova position (see 
Supplementary Information). Figure 1 shows the site of SN 201 fe at 
different scales. No object is detected at the nominal supernova location 
in four different Hubble Space Telescope filters, or within the approxi- 
mately 86 error radius. 

This nondetection can be directly translated into limits on the pro- 
genitor system brightness and temperature. Indeed, each of the four 


Hubble Space Telescope bands places different limits on the progenitor 
brightness depending on the (unknown) effective temperature and 
luminosity class. Figure 2 shows the region in effective temperature 
versus absolute V-band magnitude excluded by the Hubble Space 
Telescope imaging analysis (see Supplementary Information). At 
3,000 K, progenitor systems of SN 2011fe are excluded for V-band 
absolute magnitude My = 1 mag, and for effective temperatures larger 
than 5,000 K, the exclusion is My = —0.5 mag. These limits rule out a 
symbiotic binary progenitor with brightness and colour similar to the 
well-observed Galactic systems RS Ophiuchi (RS Oph) and probably T 
Coronae Borealis (T CrB). Both of these binary systems have been 
advanced as possible prototypes of type Ia supernova progenitor 
systems’®. Similarly, the helium-star binary V445 Puppis (V445 Pup)’” 
is excluded, although the entire He-star channel cannot be completely 
ruled out (see the blue-shaded area in Fig. 2). In contrast, RLOF from a 
main-sequence or subgiant star such as U Scorpii (U Sco)’* can easily be 
reconciled with the Hubble Space Telescope constraints. Finally, all 
variations of the double-degenerate model are consistent with the 
nondetection of a source at the position of SN 201 1fe, because the model 
does not predict a bright source in the visible range. The brightness 
limits we have deduced also rule out a globular cluster, or any open star 
cluster with more than about 300 members, as the site of SN 2011fe. In 
addition, Fig. 2 shows that a mass donor with an effective temperature 
less than 4,800 K (spectral type redder than about G5) needs to have a 
zero-age main-sequence mass less than 2.2Mq, where Mg is the mass 
of the Sun. For stars with spectral type redder than an AO star (effective 
temperature about 10,000 K), the companion star would need to be less 
massive than 3.5Mo. 

The single-degenerate models predict episodes of nondestructive 
eruptions (novae) in the decades leading up to the supernova explo- 
sion. Indeed, RS Oph, T CrB and U Sco are all recurrent novae in the 
Milky Way. The recurrence time of white-dwarf binaries where the 
white dwarfs are close to the Chandrasekhar mass is expected’ to be 
10-20 years. Although our historical images had sufficient sensitivity 
to detect classical novae, we find no evidence for any such outburst in 
the past 12 years at the site of SN 2011fe. However, we estimate an 
approximately 37% chance that a typical nova could have occurred in 
the past 5 years and have been missed given the particular cadence of 
the imaging (see Supplementary Information). 

Historical imaging at other wavebands complements these visible- 
light progenitor system constraints. We have analysed 11 epochs of 
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Figure 1 | The site of SN 2011fe in galaxy M101 as imaged by the Hubble 
Space Telescope/Advanced Camera for Surveys. a, A full-view colour picture 
of the face-on spiral galaxy M101 (18’ X 18’ field of view) constructed from the 
three-colour Hubble Space Telescope/Advanced Camera for Surveys images 
taken at multiple mosaic pointings. North is up and east to the left. M101 
displays several well-defined spiral arms. With a diameter of 170,000 light 
years, M101 is nearly twice the size of our Milky Way Galaxy, and is estimated 
to contain at least one trillion stars. b, A cutout section (3’ X 3’) ofa, centred on 
the supernova location. SN 2011fe is spatially projected on a prominent spiral 
arm. c, A cutout section (2” X 2”) of b centred on the supernova location, which 


archival Chandra X-ray observations of M101 taken in 2004 (see 
Supplementary Information), and derived upper limits for the X-ray 
luminosity at the location of SN 201 Lfe in the range (4-25) X 10° ergs 
(depending on the details of the assumed spectrum). Single-degenerate 
progenitor systems are thought to undergo a prolonged period 
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is marked by two circles. The smaller circle has a radius of our 1o astrometric 
uncertainty (21 mas), and the bigger circle has a radius of nine times that. No 
object is detected at the nominal supernova location, or within the 80 error 
radius. Two nearby red sources are labelled ‘Star 1’ and ‘Star 2’; they are 
displaced from our nominal supernova location by about 9c, and hence are 
formally excluded as viable candidate objects involved in the progenitor system 
of SN 2011fe. Credit for the colour picture in a (from http://hubblesite.org): 
NASA, ESA, K. Kuntz (JHU), F. Bresolin (University of Hawaii), J. Trauger (Jet 
Propulsion Lab), J. Mould (NOAO), Y.-H. Chu (University of Illinois, Urbana) 
and STScl. 


(At ~ 10° years) of steady nuclear burning during the mass-transfer 
process. Such systems should appear as luminous X-ray sources: 
10°°-10°% ergs ' (kT ~ 100eV). Indeed, nearly a hundred of these 
‘supersoft’ sources have been identified so far in the Milky Way and 
other nearby galaxies, including M101 itself*°*?. Double-degenerate 


Figure 2 | Progenitor system constraints in a Hertzsprung-Russell 
diagram. The thick yellow line is the 2¢ limit in My against effective 
temperature at the supernova location (see text) from a combination of the four 
Hubble Space Telescope filters, weighted using synthetic colours of redshifted 
stellar spectra at solar metallicity for that temperature and luminosity class. A 
more conservative limit comes from taking the single filter that most constrains 
the stellar type and luminosity class; shown is the 2c limit assuming the adopted 
distance modulus”””* of 29.05 mag (middle grey curve at the bottom of the 
yellow shading) with a total uncertainty of 0.23 mag (top/bottom grey curve at 
the bottom of the yellow shading). We also show the theoretical estimates (He- 
star channel’*"*) and observed candidate systems (V445 Pup”, RS Oph"*, 
USco'*” and T CrB'*). The grey-shaded rectangle shows the location of V445 
Pup. Also plotted are the theoretical evolutionary tracks (from 1 Myr to 13 Gyr) 
of isolated stars for a range of masses for solar metallicity; note that the limits on 
the progenitor mass of SN 2011fe under the supersolar metallicity assumption 
are similar to those represented here. The grey curve at top is the limit inferred 
from Hubble Space Telescope analysis of SN 2006dd, representative of the other 
nearby type Ia supernova progenitor limits (see Supplementary Information). 
For the helium-star channel, bolometric luminosity corrections to the V band 
are adopted on the basis of effective temperature”’. For an effective temperature 
of 3,000-4,000 K, as expected for the red-giant-branch stars, the My limit 
excludes progenitors brighter than an absolute I-band magnitude of M; ~ —2. 
This limit is 2 mag fainter than the observed” tip of the red-giant branch in 
M101 and places an upper bound to the radius of R<60R@ for an effective 
temperature of 3,500 K on any red-giant branch progenitor. In a progenitor 
model that requires RLOF, this limit then demands an orbital period smaller 
than 260 to 130 days in a binary system with a 1.3Mo white dwarf (where the 
range of orbital period accommodates the 0.5Mg — 2.5Mo range allowed fora 
red-giant-branch star). The foreground Galactic and M101 extinction due to 
dust is negligible’ and is taken to be Ay = 0 mag here. Had a source at the 2.00 
photometric level been detected in the Hubble Space Telescope images at the 
precise location of the supernova, we would have been able to rule out the null 
hypothesis of no significant progenitor with 95% confidence. We therefore use 
the 2o photometric uncertainties in quoting the brightness limits on the 
progenitor system. 
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progenitor systems have also been predicted to emit X-rays’, with 
X-ray luminosity of 10°°-10°’ ergs’. Our historical X-ray limits are, 
unfortunately, not deep enough to rule out either channel. 

We have also analysed pre-explosion mid-infrared data on M101 
taken in 2004 with the Spitzer space telescope (see Supplementary 
Information). No point source was detected at the supernova location, 
to a mid-infrared luminosity of less than (1-13) X 10°° ergs‘. These 
limits rule out bright red-giant mass donors for SN 2011fe in the 
symbiotic channel, but are consistent with a relatively faint secondary 
star in the RLOF channel. For a double-degenerate merger to produce a 
type Ia supernova, the merger product may need to evolve and cool 
slowly” for over a million years. This requires the radiated luminosity 
(mostly in the infrared) to be less than 4 X 10°° ergs '. The Spitzer 
nondetection limits are certainly consistent with the requirement of 
low-infrared luminosity for the double-degenerate models. 

One test to determine whether SN 2011fe comes from the RLOF 
channel of the single-degenerate model, or from a double-degenerate 
merger, is to detect the surviving companion in the RLOF channel. But 
with our current resources, it would be very challenging to observe a 
subgiant mass donor, and nearly impossible to observe a main-sequence 
companion, unless there is excessive heating caused by the interaction 
between the companion star and the supernova ejecta. 

Using historical imaging we have placed a limit on the progenitor ofa 
type Ia supernova that is about a hundred times fainter than those 
previously achieved, showing that any evolved secondary star in the 
progenitor system of SN 2011fe must be less massive than 3.5Mq. This 
rules out symbiotic progenitors like RS Oph and probably T CrB. These 
are fairly straightforward observational constraints, but in a companion 
paper’ we use more indirect theoretical arguments to place additional 
limits. Expanding supernova ejecta should be shocked by contact with a 
large secondary”, and the absence of this signature suggests that that 
secondary was not an evolved star. Furthermore, the ejecta could be 
shocked by debris that some studies” suggest should be present in a 
double-degenerate merger, although such shocked ejecta have not been 
seen. Taking all observational and theoretical limits together, the scen- 
ario of a white dwarf accreting from a main-sequence or subgiant 
companion is consistent with all constraints. Given the observed divers- 
ity of type Ia supernovae, however, the possibility of more than one 
progenitor channel for the class remains. As the trove of high-resolution 
wide-field imaging grows, covering more and more future supernova 
explosion sites, similar analyses may eventually resolve this possibility. 
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Microwave amplification with nanomechanical 


resonators 
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The sensitive measurement of electrical signals is at the heart of 
modern technology. According to the principles of quantum 
mechanics, any detector or amplifier necessarily adds a certain 
amount of noise to the signal, equal to at least the noise added by 
quantum fluctuations'”. This quantum limit of added noise has 
nearly been reached in superconducting devices that take advantage 
of nonlinearities in Josephson junctions**. Here we introduce the 
concept of the amplification of microwave signals using mechanical 
oscillation, which seems likely to enable quantum-limited opera- 
tion. We drive a nanomechanical resonator with a radiation 
pressure force*’, and provide an experimental demonstration and 
an analytical description of how a signal input to a microwave cavity 
induces coherent stimulated emission and, consequently, signal 
amplification. This generic scheme, which is based on two linear 
oscillators, has the advantage of being conceptually and practically 
simpler than the Josephson junction devices. In our device, we 
achieve signal amplification of 25 decibels with the addition of 20 
quanta of noise, which is consistent with the expected amount of 
added noise. The generality of the model allows for realization in 
other physical systems as well, and we anticipate that near-quantum- 
limited mechanical microwave amplification will soon be feasible 
in various applications involving integrated electrical circuits. 
Since the early days of quantum mechanics, the effect of quantum 
zero-point fluctuations on measurement accuracy has been actively 
investigated. The measurement of the position, x, of an object, necessarily 
disturbs its subsequent motion by introducing a change in its 
momentum, p. The Heisenberg uncertainty principle states that the 
uncertainties in the two quantities are related by the fundamental limit 
AxAp = h/2, where h is Planck’s constant divided by 2x. The optimal 
compromise between the two uncertainties results in the lowest added 
noise power per unit bandwidth, /i@/2, which equals the quantum fluc- 
tuations of the system at the signal frequency, «. However, if only one 
observable, for example position, or a single quadrature of oscillation is 
measured, noise in this measurement can be reduced below the quantum 
limit at the expense of increased noise in the complementary observable 
or quadrature. In this case, the amplifier is said to be phase sensitive. 
State-of-the-art cryogenic amplifiers using high-electron-mobility 
transistors operate at best at a few decades above the fundamental 
noise limit. Substantial improvements are difficult, owing to the strong 
current dissipation within such devices. Superconducting Josephson 
junction parametric amplifiers***”, working near the absolute zero of 
temperature, rely instead on reactive electrical elements. They operate 
at the level of only a few added noise quanta (above the quantum limit) 
at microwave frequencies. The quantum limit has not yet been 
approached using a mechanical amplifier; moreover, little work of 
any kind has been done on amplifying electrical signals by mechanical 
means’, primarily as a result of the electromechanical interaction, 
which is typically small. In this Letter, we describe a way to approach 
quantum-limited microwave amplification using a mechanical device. 
Our system, which is mostly reactive, consists of a mechanical 
resonator affected by radiation pressure forces produced by an 


electromagnetic field confined in a lithographically patterned thin- 
film microwave cavity. Depending on the configuration, it is capable 
of either phase-sensitive or phase-insensitive amplification. 

In our system, two coupled linear oscillators are arranged to form 
possibly the simplest means of quantum amplification of external signals 
realizable in principle at any frequency of the electromagnetic spectrum 
or in any other medium. Analysis of this system could give direct insight 
into the potential quantum behaviour of macroscopic mechanical 
objects'’7°, used here as the active modes of the amplifier, and the 
emergence of macroscopic phenomena from the quantum mechanical 
laws governing nature on the microscopic scale. Apart from this fun- 
damental significance, the use of mechanical objects as building blocks 
of low-noise amplification might be advantageous over amplification by 
purely electrical means because of the possibility of developing a device 
based on an elementary physical structure: ultimately, these amplifiers 
could be made using single-crystalline resonant beams or membranes. 

More specifically, our system involves an on-chip microwave cavity 
parametrically interacting with a micromechanical resonator'*""*, such 
that the mechanical motion, with resonance frequency @,,, couples with 
the cavity (Fig. 1). We first review the archetypal case, namely a cavity 
driven by a single, strong tone with amplitude «, (hereafter denoted as 
the pump), having a frequency, «,, near the resonant frequency, «,, of 
the cavity (Fig. 2a). The interaction is described by the Hamiltonian 
Hint = —hig(n.e +1/2)x, where n, is the number of coherently driven 
photons in the cavity, g=(a@,/2C)0C,/6x is the electromechanical 
interaction and x is the displacement of the mechanical resonator. In 
the expression for g, C denotes the capacitance of the cavity and C, is the 
coupling capacitance to the mechanical resonator. 

The sign of the detuning 4 = «w, — «, determines the direction of the 
energy transfer between the two systems due to the interaction. Under 
the red-detuning condition, where 4~—@,,, the microwave- 
mechanics coupling generates a net energy transfer from the mechanical 
degrees of freedom into the cavity, hence effectively leading to the cool- 
ing of the mechanics. This sideband cooling regime has been reached 
both in electromechanical and in optomechanical systems®*'*'*. 

By contrast, for blue detuning, where 4 > 0, the pump gives rise to 
an energy transfer into the mechanical degrees of freedom. Adding a 
weak probe tone with a frequency near «, induces stimulated emission 
of microwave photons, effectively leading to an amplification of the 
probe signal. The energy levels corresponding to this process are 
shown in Fig. 2b. This type of pump-probe scheme underlies our 
device and is the topic of the remainder of the paper. 

An image of our device, with relevant details indicated, is shown 
in Fig. 1b. The mechanical device consists of an aluminium micro- 
mechanical beam resonator of length 8.5 1m and width 320 nm. For 
this, the lowest flexural mode has frequency @,,/2% = 32.5 MHz and 
the linewidth is y,,/27 ~ 500-1,200 Hz (depending on temperature). 
By varying an ultranarrow vacuum gap”, the displacement affects the 
end-to-end capacitance of the cavity, which is a superconducting 
microstrip resonator having the natural frequency w, >> @,, and line- 
width y,. To obtain the largest possible electromechanical coupling, in 
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Figure 1 | Electromechanical microwave amplification. a, The variable 
capacitor of the micromechanical resonator is in parallel with the cavity, as 
shown in the lumped-element model. The input microwave field is 
decomposed into a blue-detuned pump coherent field, «, (frequency, ,) anda 
signal (frequency, @n) plus noise, din = in + Sain. The output signal, doy, is the 
amplified input signal. b, The device is dominated by the meandering high- 
impedance cavity (false colour in red), which resonates at w,/2m = 6.982 GHz. 
During operation, this cavity is connected to coaxial cables via a coupling 
capacitor. The micromechanical beam resonator (frequency, @/ 

2m = 32.5 MHz) couples the ends of the meander via the protrusions from 
either end and through a 6-13-nm vacuum gap” (right and inset). 


designing the cavity we decided to fabricate the device on a fused silica 
substrate. This material has a low dielectric constant (¢,~4) relative to, 
for instance, silicon (¢,~12), which is frequently used. This low value 
contributes to minimizing the stray capacitance and allows us to obtain 
the lowest value so far, C ~ 18 fF, for the effective parallel capacitance of 
the nearly millimetre-sized cavity. These measures, and the remaining 
parameters (L = 21 nH, Cs; = 6 fF, Csp = 12 fFand C, = 0.6 fF; Fig. 1a), 
create a strong electromechanical coupling of g/2n = 1.8 MHznm 
(equivalently, g/2x multiplied by the zero-point amplitude, x9, equals 
40 Hz per phonon). An interdigital coupling capacitor, C. ~ 6 fF, results 
in the external damping rate, ),/2m = 4.8 MHz. The total cavity line- 
width is y.=yp+y,~2n x 6.2 MHz, where y;/2m = 1.4MHz is the 
damping rate due to internal losses. 

The theoretical framework suitable to describe the amplification is 
closely related to the methodology used to describe the sideband cool- 
ing in optomechanical systems'”'*”°**, We describe the system in 
terms of quantum Langevin equations with the aim of analysing the 
effect of the pumping on the signal, and especially to detail the effects 
of different types of fluctuation coupling to the system. The latter 
comprise the quantum and thermal fluctuations related to the input 
signal, the cavity and the mechanical resonator. In general, the para- 
metric coupling between the cavity and the mechanical resonator gives 
rise to the possibility of squeezed states**** and, hence, to back-action- 
evading measurements. 

Our detailed theoretical analysis (Supplementary Information) 
gives the explicit value of the gain in each preferred quadrature, G,. 
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Figure 2 ' Amplification mechanism. a, Explanation of the various frequencies 
involved. The cavity is driven by a coherent field (the pump, 2) oscillating at 
@p = ©, + A, where @, is the cavity resonant frequency and A4~@m< @e¢. The 
weak input signal to be amplified, a;,,, is applied with a frequency near the cavity 
resonance, such that in = @p — @m. b, The physics of the electromechanical 
amplifier can be intuitively understood by considering a block of three energy 
levels in the system. The (blue-detuned) pump, «, induces a transition between a 
state characterized by n. cavity photons and ,, mechanical quanta, |1,, Mm), anda 
state characterized by n, + 1 photons and n,, + 1 mechanical quanta, 1, 
Ng, + 1). A key part of the amplification process is the effective damping, yer 
which in the simplified scheme presented here represents the effective lifetime for 
the cavity photons and thus models the parametric down-conversion of the pump 
photons to the cavity resonant frequency. c, The damping decreases as the pump 
field increases in power, and as }."¢— 0 instability and parametric oscillations set 
in. The circles are fitted from the measured mechanical peak in the output 
spectrum, and the solid line is the theoretical result. 


and Gy,, and the average gain, Gy, =(G, + G,)/2. The expressions for 
the gains are well approximated by 


Gxynairw(oyh(“8) (yfr+ Hee 2h) (a) 


where the upper sign gives the expression for G,. and the lower sign 
gives the expression for G,. The main contribution to the amplifica- 
tion is described by the ratio between the mechanical response 
functions in the presence and the absence of the pump, 
I'y(@) = (@, — © — im) / (We — 0° — iy @), Where Me#f~Om. 

The key role in the microwave amplification is that of the effective 
mechanical damping, )’e¢¢ = Ym — OVer(@, N,) (Fig. 2c and Supplemen- 
tary Information). The value of dy. can be tuned by the pump. In 
particular, blue-detuned driving results in a sizable reduction in the 
mechanical damping. This reduction causes the amplification of the 
signal, described by the factor I}y(@ ~ @m) ~ Ym/Ver. From equation 
(1) and the definition of ye, we establish the optimal value for the 
pumped occupancy to be Necrit =VeYm / 4g°x. The weer 
maximum average gain is Gay(@=@m)~ a(4d /y-). Above this 
threshold, y.¢— 0 and the coupled system becomes unstable® eee 

As indicated by the unequal values of G, and G,, the amplifier shows a 
variable amount of squeezing. In particular, in the ‘good-cavity’ limit 
(y,/4<« 1) used in our experiment, the squeezing is expected to be 
negligible and the amplifier hence behaves as a typical phase-insensitive 
amplifier characterized by the average gain, G,,. However, it is 
noteworthy that by varying the parameters towards the ‘bad-cavity’ limit 
(y./A > 1), it is possible to achieve strong squeezing and, consequently, 
noise-free amplification in one quadrature. This situation is opposite to 
the findings in studies on two-tone back-action-evading measurements, 
where the strongest squeezing is found in the good-cavity limit. 

We use a cryostat with the temperature stabilized between 350 and 
25 mK to carry out the measurements. The pump and signal tones 
are combined at room temperature using a power splitter. Inside the 
cryostat, the incoming irradiation is attenuated by 43 + 1.5 dB. The 
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uncertainty in the cryogenic attenuation sets relatively large error bars 
for n.. The signals reflected from the device chip are directed towards a 
conventional cryogenic amplifier. Following amplification, we used a 
sharp low-pass filter to remove the strong pump microwave, because 
we consider only the signal frequency in the processing. The signal is 
recorded using a vector network analyser or, for noise measurements, 
is fed into a spectrum analyser. Although it is possible to distinguish 
the different quadrature gains (G, and Gy), to begin with we consider 
only the phase-insensitive gain (G,,). More details of the practical set- 
up are given in Supplementary Information. 

At the lowest pump power, nc < Mecrits We Observe attenuation of 
the reflected signal resulting from cavity absorption at the applied 
signal frequency, @n/2m ~ 6.98 GHz, of about —5.5 dB for Win ~ @¢ 
(Fig. 3a). At higher values of n,, a mechanical peak at @p —@in~@m 
indicates a decrease in absorption. The absorption vanishes when 
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Figure 3 | Amplifier gain. a, Reflection magnitude, S,,, of the signal 
microwave over a wide frequency range about the cavity resonance, measured 
without applying the pump. b, Measured gain (coloured lines) in a narrow 
frequency range (shaded grey in a) for values of the pump occupation number, 
N, that increase by 2 dB per curve (bottom to top). For clarity, the curves are 
displaced vertically by 3 dB. The baseline of each curve roughly corresponds to 
the cavity absorption of —5.5 dB. The maximum gain is quoted for each curve. 
The grey curves are theoretical predictions for the average gain over 
quadratures, G,y. ¢, As in b, but with red-detuned pumping and n, increasing by 
2 dB per curve (bottom to top) from a minimum value of n, = 4.6 X 10*. Here 
de-amplification of the signal field (sharp dip) is observed. d, Calculated 
average gain (at ®, — @,,) and, inset, the quadrature gains G, and G, as 
functions of the scaled cavity occupancy. The blue and red traces correspond to 
amplification (4 > 0) and de-amplification (4 < 0), respectively. The shaded 
region is the unstable regime (see text). The experimental points are extracted 
from b and c. 
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2) m/Vere™~ Y/Y, that is, when reduced damping balances external 
losses. This behaviour, observed recently in optomechanical crystals”, 
has a similar effect on the direct transmission of radiation as the elec- 
tromagnetically induced transparency. The latter phenomenon, which 
is associated with increased damping and slowing down and storage of 
light, is obtained using red-detuned pumping. In the present context, it 
is called electromechanically induced transparency”. Blue-detuned 
pumping, however, transfers energy to the cavity frequency, and we 
therefore also observe amplification of the signal tone (Fig. 3b). 

The theoretical prediction, overlaid on the experimental data in 
Fig. 3b, shows a remarkable agreement with the measurement, with 
the only adjustable parameter being n,, whose values, nevertheless, are 
independently known to within a factor of two. A maximum gain of 
25 dB is observed close to the instability associated with the ).4— 0 
limit, but it comes with a markedly increased amount of fluctuation, 
typical of parametric systems. The range of useful gain, where noise is 
not increased, is up to about 15 dB in this measurement. The opera- 
tional frequency of the amplifier may be tuned by roughly the amount 
of the cavity linewidth by detuning the pump slightly from the exact 
blue-sideband condition. Although the data was measured with a small 
input signal exciting about 0.3 signal photons (before amplification) in 
the cavity, a favourable property of the mechanical amplification is 
its high dynamic range: amplification is observed at input powers 
corresponding to at least 10* such photons. This high power-handling 
capability contrasts with the Josephson parametric amplifiers, which 
usually work near the single-quantum regime. 

We can also confirm the theory predictions by inverting the pump 
frequency to the red sideband, where 4 = —@,, (Fig. 3c). By analogy 
with the enhanced damping leading to sideband cooling under these 
conditions, we observe de-amplification of the input signal. Even at a 
stronger pump power, 1. > Ne crits decreased absorption indicates that 
the eigenmode splitting” starts to set in. The observed gains (Fig. 3d) 
as a function of the pumped occupancy are in a good agreement with 
theory. 

Finally, an amplifier should be characterized by its added noise, 
which is commonly referred to the input signal. Because of its simple 
structure, we expect the mechanical amplifier to be less influenced by 
the strong electrical flicker noise typical of nonlinear transistor or 
Josephson junction devices. What remain as noise sources are thermal 
fluctuations and, ultimately, quantum fluctuations in the numbers of 
quanta of both the cavity and the mechanics. In the case of optimal 
gain, the quadrature-averaged added noise at the cavity frequency is 


Here n! and n,, represent the finite number of cavity photons assoc- 
iated with the internal losses and, respectively, the number of mech- 
anical quanta due to the thermal fluctuations in the mechanical bath. 
The large-gain quantum limit of naga = 1/2 may thus be reached for 
ni ~ 0 and n,, ~ 0 ifinformation is not lost inside the system, that is, if 
external dissipation of the cavity related to the measurement domi- 
nates over internal losses. Whereas in cryogenic experiments n! is 
typically approximately zero owing to gigahertz-range cavity frequencies, 
standard mechanical frequencies of @»/2m<50 MHz tend to pose a 
practical noise limit of taaq > %m 210. We note that Josephson para- 
metric amplifiers are more favourable in this sense because they are in 
the ground state at standard cryogenic temperatures. Nevertheless, in 
what follows and in Supplementary Information we discuss ways closely 
to approach the quantum limit with mechanical amplifiers as well. 

We measured the added noise by comparing it with a known noise 
source. Here the noise floor is set by the effective noise temperature of 
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the system, ~6-7 K. We worked at a temperature of 30 mK and used a 
weak input signal as a marker (Supplementary Information). We 
obtained a slight improvement, by 0.6 dB, in the signal-to-noise ratio, 
which corresponds to naga ~ 20 added noise quanta at the signal fre- 
quency of 7 GHz. This finding agrees remarkably well with the ideal 
prediction, which equals the thermal phonon number, and shows that 
no extra noise other than thermal noise was generated in the process. 
Hence, even further improvement, bringing the device’s performance 
closer to the quantum limit, n,4q = 1/2, seems possible. 

We have shown that interaction of a micromechanical device and 
radiation pressure can be used to amplify weak electrical signals. This 
positions such amplifiers as alternatives to conventional electrical 
microwave amplifiers, and may facilitate radiation detection in the 
terahertz band, where such detection is difficult. From a theoretical 
point of view, the set-up represents one of the simplest realizations of a 
quantum amplifier that could potentially operate at the noise limit set 
by the Heisenberg uncertainty principle. In the first proof-of-principle 
device, the mechanical amplifier showed no added noise beyond that 
predicted by the ideal theoretical model. In practice, the frequency 
band can be made variable over a larger span by using tunable cavities’. 
A higher electromechanical coupling, achieved, for instance, through 
the use of piezoelectric materials’*, could allow for an increase in the 
bandwidth through an engineered increase in damping. At a higher 
mechanical frequency, in the gigahertz range, or potentially with the 
help of pre-cooling to the ground state*® by red-detuned pumping at 
even higher operating temperatures than here, devices based on the 
amplification principle set out here could, we believe, offer near- 
quantum-limited operation. 


METHODS SUMMARY 


Both the cavity and the structures for the beam were patterned in a single electron 
beam lithography step, followed by evaporation of a 150-nm layer of aluminium. 
To minimize the stray capacitance, C, of the cavity, the device was fabricated on a 
fused silica (SiO) substrate, which has a low dielectric constant (¢.~4). The beam 
was partly released by etching the substrate by the use of hydrofluoric acid vapour 
etcher, for 500s at a pressure of 150 torr. The mechanical beams were defined by 
focused ion beam etching, as in ref. 19. 

The measurements were carried out in a cryostat at temperatures as low as 
25mK. The pump and probe signals were combined at room temperature 
(~300K) using a power splitter. Before the signals entered the cryostat, a sharp 
high-pass filter at room temperature was used to attenuate the phase noise of the 
generators near the cavity frequency. This filter provides 50 dB more attenuation 
at the cavity frequency than at the blue sideband. Inside the cryostat, the incoming 
signals are heavily attenuated. 

We use the notion of preferred quadratures' for a phase-sensitive amplifier, for 
which the output quadrature fields, Xou,and Yout are independent of the respective 
input fields, Y;,, and X;,,. The solution of the quantum Langevin equations gives the 
relation between the input and output fields. In particular, the output signal from 
the microwave cavity is determined from the gains for the input signal, M and L, 
and those for the input noise, My and L;: 


Gout = Main + Lal, + Mal, + Lrayt + QE 


in 


Here ai, (@) and €(c) represent the noise introduced by the internal losses of the 
cavity and the mechanical bath, respectively, and din(@) = ain + Sain is the sum of 
the input (coherent) signal and the input noise. The output field is then expressed 
in terms of the preferred quadratures as Xout=\/G,Xin +(noise terms), and 
You = JG Yin + (noise terms), 
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Jamming by shear 


Dapeng Bi', Jie Zhang”**, Bulbul Chakraborty’ & R. P. Behringer* 


A broad class of disordered materials including foams, glassy 
molecular systems, colloids and granular materials can form 
jammed states. A jammed system can resist small stresses without 
deforming irreversibly, whereas unjammed systems flow under any 
applied stresses. The broad applicability of the Liu-Nagel jamming 
concept” has attracted intensive theoretical and modelling interest 
but has prompted less experimental effort’®. In the Liu-Nagel 
framework, jammed states of athermal systems exist only above a 
certain critical density. Although numerical simulations for particles 
that do not experience friction broadly support this idea’-’, the 
nature of the jamming transition for frictional grains is less 
clear’*”. Here we show that jamming of frictional, disk-shaped 
grains can be induced by the application of shear stress at densities 
lower than the critical value, at which isotropic (shear-free) jamming 
occurs. These jammed states have a much richer phenomenology 
than the isotropic jammed states: for small applied shear stresses, 
the states are fragile, with a strong force network that percolates only 
in one direction. A minimum shear stress is needed to create robust, 
shear-jammed states with a strong force network percolating in all 
directions. The transitions from unjammed to fragile states and 
from fragile to shear-jammed states are controlled by the fraction 
of force-bearing grains. The fractions at which these transitions 
occur are statistically independent of the density. Jammed states with 
densities lower than the critical value have an anisotropic fabric 
(contact network). The minimum anisotropy of shear-jammed states 
vanishes as the density approaches the critical value from below, ina 
manner reminiscent of an order-disorder transition. 

Cohesionless granular materials form jammed states only under 
external stress, as explored extensively in the soil mechanics literature’®. 
In the zero-temperature (T= 0) plane of the Liu-Nagel jamming 
diagram’ (Fig. 1a), increased packing fraction (#) induces jamming 
and positive pressure, and shear stress (t) induces irreversible flow at 
the yield stress line (Fig. 1a, black line). Simulations of frictionless 


a b 


T T 
A 


> 


Unjammed Unjammed 


¢ 


5 


Ps 5 


Figure 1 | Jamming phase diagrams in the T’= 0 plane. a, Original Liu- 
Nagel jamming phase diagram’. The boundary between unjammed and 
jammed regions is the yield stress line. Unjamming can be induced by 
decreasing the packing fraction or increasing the shear stress. b, Generalized 
jamming diagram including the shear-jammed (SJ) and fragile (F) states. Along 
the ¢ axis, there are two special densities: ¢s, below which there is no shear 
jamming, and ¢,, above which isotropically jammed states exist. For 

ds = b S ¢}, jamming can occur with application of shear stress. 


grains typically probe jamming near the critical point at T= 0, 
t = 0and ¢ = ¢;, through isotropic compression or decompression’, 
or along the yield stress line’ '*°’°. The numerical value of ¢y 
depends on the protocol for preparing the jammed states. However, 
the characteristics of the transition are robust*'. Only a few experi- 
ments*°”* have investigated the Liu-Nagel jamming model’ for 
physical systems consisting of particles with friction. For example, 
by using isotropically confined frictional disks it was found’ that fric- 
tion only weakly affects certain aspects of jamming, such as the pack- 
ing fraction (/~0.842), but that other aspects, such as average number 
of contacts at jamming, are more strongly dependent on friction, as 
expected”’. 

We report stable static states that jam only under a minimum shear 
stress. These states are outside the jammed region of Fig. 1a and alter 
the jamming diagram as illustrated in Fig. 1b. Of special note is the line 
separating two qualitatively different classes of states: the fragile states 
and the shear-jammed states. As we show below, this line is the locus of 
shear stresses marking a percolation transition. Shear-jammed states 
have not been reported in typical (that is, frictionless) models of 
jamming, which involve isotropically compressed particles and where 
additional relaxation may be induced to find a lower-energy state”. 
Our systems differ from these models in several key aspects: they 
consist of frictional (photoelastic) disks (Supplementary Fig. 1) pre- 
pared at densities below (and above) $j; they are subjected to pure 
(volume-preserving) shear applied in small strain steps, allowing the 
system spontaneously to relax between steps; and they rest on a weakly 
frictional substrate, with forces that are an order of magnitude smaller 
than typical interparticle forces at jamming. We obtained stress data, that 
is, values of t, pressure (P) and the fabric tensor (R). The eigenvalues, R, 
and Ry, of R yield the mean contact number, Z = R, + R2, anda measure 
of contact anisotropy, p = R2 — Rj. In addition, we analysed the spatial 
organization of contact forces. Experimental details can be found in 
Methods. 

Ascertaining that states are macroscopically jammed is non-trivial. 
Necessary requirements are non-zero P and t and the ability to resist 
any small incremental stress. For frictionless grains, these conditions 
are met if Z exceeds Z;,, (refs 7, 11), where the number of mechanical 
equilibrium constraints equals the number of degrees of freedom. For 
large N, isotropic jammed states exist for = $j, where ¢; depends only 
on the spatial dimension for a given protocol’. 

For frictional grains, a minimal parameter set for jamming has not 
been clearly determined. Although Z is a key parameter for mechanical 
stability, the minimum number of contacts needed for jamming can 
span a range of values, depending on friction and preparation’*”*”’. 
For the disks used here, a reasonable criterion for isotropic jamming 
was found to be Z=3.0 to ~3.1 (ref. 4), for which $~0.842 
(Supplementary Fig. 3). 

A distinguishing property of granular jammed states is the existence 
of force networks. To characterize the states obtained by shearing at 
) < oj, we consider the contact force and fabric networks, and their 
correlation with the properties of the stress tensor™ and the fraction of 
non-rattler grains, fur (Supplementary Figs 2 and 4). It is known from 
earlier studies that force networks in jammed packings of dry grains 
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can be separated into a strong network (in which each contact force 
magnitude satisfies f > faye, where fayg is the average of all contact force 
magnitudes over all force-bearing contacts in the system) and a com- 
plementary weak network”*”. We identify a strong force network with 
the largest cluster of grains that is connected via contact forces with 
magnitudes f> favg. 

Starting from an unjammed state (Fig. 2), the strong force network 
undergoes two sequential percolation transitions controlled by the 
non-rattler fraction, fNR (ref. 26; here we define grains with at least 
two force-bearing contacts as non-rattler grains). Experimentally, the 
shear strain controls fy. Monotonic increases in shear strain generally 
increase fyr (Supplementary Fig. 5) and tune the system through the 
percolation transitions. For fxr < 0.4, the network of force-bearing 
grains does not percolate in any direction of the sheared packing. 
There are small residual values of P and t for these states due only 
to experimental noise and the small frictional forces exerted on the 
grains by the base (Methods). We refer to these states as ‘unjammed’. 
As fyr increases above ~0.7, the strong force network percolates in the 
compressive direction but not transverse to it. We refer to these states 
as ‘fragile’; they have a strong force network that carries the majority of 
the shear stress (deviatoric stress) but which spans the system only in 
the compressive direction. The weak force network, by contrast, acts 
like a fluid, supporting a less anisotropic stress tensor~*. We expect that 
in the limit of infinitely rigid grains, these fragile states would be able to 
support only loads along the compressive direction without under- 
going plastic rearrangement’’. Because the experimental system is 
composed of deformable grains, there is a small regime of elastic 
response in the dilational direction even for the fragile states. At 
Jnr = 0.83 + 0.02, the strong force network percolates in both direc- 
tions. These states, which we refer to as ‘shear jammed’, are character- 
ized by two non-parallel populations of force chains. The classification 
of shear-jammed, fragile and unjammed states has relied on identify- 
ing the f> kfavg (with k = 1) cluster as the strong force network (where 
f refers to the individual contact force magnitude). We show in 
Supplementary Fig. 6 that this definition is robust with respect to 
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Figure 2 | Using percolation analysis of the strong force network to classify 
states. a, Snapshots of typical fragile and shear-jammed states. Left: fragile 
states have a strong force network (f> fayg) that is percolated in the compressive 
(y) direction but not the dilational (x) direction. Right: shear-jammed states 
have a strong force network that is percolated in all directions. ¢,.and ¢, are the 
linear sizes associated with the largest connected cluster in the strong force 
network. L,. and Ly are box dimensions. b, Plots of cluster size/box dimension 
ratio (¢/L) versus fp for the fabric and the strong force networks 
(Supplementary Fig. 6): black, fabric network in the compressive direction; red, 
strong force network in the compressive direction; green, strong force network 
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the choice of the threshold (k), and that at fur = 0.83 all k-clusters 
with 0=k=1.2 have percolated in the dilational direction. The 
experiment shown in Supplementary Movie 1 illustrates the evolution 
of force networks and the percolation events. 

The Liu-Nagel jamming diagram needs to be modified to include 
the fragile and shear-jammed states. Figure 2c shows a t-¢ plot of 
shear-jammed (green), fragile (red) and unjammed (black) states, as 
distinguished by the natures of their force networks. For each ¢ < y, 
there is a minimum shear stress, to(~), needed to create a shear- 
jammed state, and ty > 0 as $+ ¢, from below. As shown in Fig. 2b 
(see also Supplementary Figs 5 and 6), the pure shear strain imposed in 
the experiment induces shear jamming by increasing the non-rattler 
fraction, fxr, which leads to the two percolation transitions. Continued 
shear pushes the system to the yield stress line (Fig. 2c, purple symbols). 
For ¢ > ¢), jammed states with a strong force network percolating in all 
directions occur along the ¢ axis at t = 0. 

The formation of fragile and shear-jammed states depends on the 
possibility of creating anisotropic contact networks (fabric™*’*”’; dis- 
cussed in detail in Supplementary Figs 5, 7 and 8), which form a 
backbone for the stresses”’. The anisotropies of the stress tensor and 
the fabric tensor are intimately related in these states***?. Models, 
physical particle properties or protocols that preclude the formation 
of this backbone would not lead to these states. 

Theoretical support for shear-jammed states comes from recent 
simulations’® that probed systems of frictional grains subject to 
quasi-static steady shear along the yield stress line and showed a dis- 
continuous transition in the t-~ phase curve from jammed to 
unjammed states at a value of ¢ that is consistent with our observations 
for ds, the lowest value of ¢ for which shear jamming occurs. These 
simulations correspond to moving along the yield stress line in Fig. 2c 
(purple) towards lower values of # and arriving at the ‘nose’ of the 
jamming curve at ds. 

The relationship between the fabric and stress anisotropies, expressed 
in Fig. 3a as a plot of p versus t for all sheared states, is analogous to that 
between magnetization and magnetic field in a magnetic system. As 
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in the dilational direction. Data show mean + s.d. ¢, Scatter plot of states in the 
t-# plane. The red, green and black points correspond to fragile (percolation in 
one direction), shear-jammed (percolation in all directions) and non- 
percolating networks, respectively, and are defined by the criterion of force 
network percolation as shown in b. The purple line is the yield stress line. For 
each # < y, the yield stress is obtained by averaging over the stress values just 
before plastic rearrangements occur in the forward shear time trace’! For 
p> ys owing to experimental limitations, we do not have enough statistics to 
calculate the yield stress. 
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Figure 3 | Relationship between fabric and stress anisotropies and how they 
vanish at gy. a, Scatter plot of p versus t for all experimental states 

(ds = = )) created under shear. Note that p ~ 0.671 as t—> 0. b, Fabric 
anisotropy (/o(¢)) for states with fur = 0.83 (along the boundary between 
fragile (red) and shear-jammed (green) states (Fig. 2c)). This is the lowest fabric 
anisotropy needed to obtain shear-jammed states. Data show mean = s.d. 


shown in Supplementary Figs 7-9, under cyclic shear the p-t relation- 
ship is essentially hysteresis free whereas the stress-strain relationship 
has large hysteresis loops. Along t = o(¢), that is, at the onset of shear 
jamming, the fabric anisotropy ((o(#)) is roughly independent of ¢ for 
values of ¢ much less than #, but vanishes at @ = ¢; and stays zero for 
$ > $, (Fig. 3b). This suggests that pp acts as an order parameter for the 
shear-jammed states (it is non-zero for such states and zero for iso- 
tropic jammed states) and that ¢) marks an order-disorder transition 
at which jammed states become isotropic. For a magnet, the order 
parameter is the zero-field magnetization, whereas the order para- 
meter for the shear-jammed states, po, is measured along the To(¢) line, 
the lower limit for jammed states to exist. For systems in thermal 
equilibrium, derivatives of the free energy define relationships between 
an order parameter and the conjugate external field. In analogy, we 
define an ‘effective free energy’ (F) through the relationship p = 6F /6t. 
The results for po(#) and to(#) suggest an empirical form for F that is 
illustrated in Fig. 4. This form is consistent with the p-t relationship 
for cyclically sheared states (Supplementary Figs 7-9). For ds < $ < qy, 
there is an excluded region, —t9 < t < T9, with fragile but not shear- 
jammed states, and the slope of F (as a function of t) at the boundary of 
this regime is po. As > ¢, from below, the excluded region vanishes 
and po — 0. Ideally, such an effective free energy would be related to the 
probability density of shear-jammed states at given values of ¢ and t, 
which could be obtained from simulations of sheared frictional grains. 

The present jamming diagram, deduced from physical experiments 
with frictional particles, differs substantially from the jamming dia- 
gram based on simulations of frictionless particles. We observe new 
classes of states that exist only under shear, have anisotropic force and 
fabric networks, and have an order parameter that vanishes as ¢ 
increases beyond a threshold comparable to ¢, for isotropic jammed 
states. The fraction of non-rattler grains (fyR) controls the percola- 
tion of the force networks and emerges as the single parameter distin- 
guishing between unjammed, fragile and shear-jammed states. The 
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Figure 4 | Effective free energy for shear-jammed states. The panels show the 
t-dependent part of the effective free energy (F(t)) for different ranges of ¢. 
a, For @ < Op there is an excluded region, —t) < t < to, where fragile states 
exist but shear-jammed states do not. The points at which the curve intersects 
this excluded region correspond to +10(@), and the slopes at these points 
determine po(#). b, For ¢ = @y, there is no excluded region, all values of t are 
allowed and po = 0. 


shear-jammed states occupy a large region of parameter space and 
are important in determining the response of frictional granular 
materials to external stresses. The yield stress of shear-jammed states 
vanishes discontinuously at ¢s < j (ref. 16). The origin of these states 
is probably related to dilatancy, that is, the tendency of dense granular 
matter, under constant pressure, to expand under shear. Under con- 
stant-area conditions such as in the experiments studied here, shearing 
leads to jamming’’”’. Our systems are quasi-two-dimensional and an 
important question for further study is what happens in fully three- 
dimensional systems. 


METHODS SUMMARY 


We applied pure shear strain to a system of 1,568 frictional, bidisperse, photo- 
elastic disks contained in a biaxial device*”*”°. This device can deform the system, 
keeping the area (A) and ¢ fixed, to perform isotropic compression or pure shear. 
In many soil mechanics approaches, biaxial deformations are achieved by com- 
pressing in one direction while keeping the normal stress constant in the remain- 
ing direction’*”’. Using photoelastic particles, we determine the location of, and 
forces (f) at, interparticle contacts*’, and from these construct the stress tensor (@) 
and a contact fabric tensor”*” (R): 


1 
= => ry @fi 
V a y y 
a 1 Yj Tj 
R=— — ©, 
NF Mell [leu 


Here rj is the contact vector from the centre of grain i to the interparticle contact 
between grains i and j, fj is the force vector associated with this contact and ‘@’ 
denotes a vector outer product. Also, V is the volume of the system (or area in two 
dimensions) and N is the number of non-rattler particles (particles with at least 
two contacts*”*). Denoting the principal stresses by a, and 02, the pressure is given 
by P = (0, + 2)/2 and the shear stress is given by t = (a2 — o;)/2. Denoting the 
eigenvalues of R by R, and R,, the mean contact number per particle is Z = Ry + Rp 
and p = R2 — R, or p/Z characterizes the contact network anisotropy. 

The experiments span ¢s = ¢ < ¢1, where ¢s = 0.792 and ¢, = 0.850. For each 
value of ¢, the walls of the biaxial device were initially configured in a square, with 
the particles in nominally random positions. For ¢ <¢,~0.842, the initial iso- 
tropic state was unjammed. For ¢ > ¢y, we initialized the system by tapping gently 
to relax the stresses to their lowest value. For all ¢, after initializing the system 
we subsequently made small quasi-static pure shear steps, allowing the system 
spontaneously to relax for at least several minutes between steps. The typical strain 
step was of size de~0.003. For sufficient shear, the system achieved a manifestly 
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jammed state, with a network of force chains (Supplementary Fig. 1) provided 
that @ > @s. We also carried out some cyclic shear experiments™ (Supplementary 
Figs 7-9). These experiments involved six cycles, each consisting of a forward and 
a reverse shear strain, and the data from these cycles provide valuable information 
about the evolution of the relevant networks. 
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Messinian salinity crisis regulated by competing 
tectonics and erosion at the Gibraltar arc 


D. Garcia-Castellanos! & A. Villasefior! 


The Messinian salinity crisis’? (5.96 to 5.33 million years ago) was 
caused by reduced water inflow from the Atlantic Ocean to the 
Mediterranean Sea resulting in widespread salt precipitation and 
a decrease in Mediterranean sea level of about 1.5 kilometres due to 
evaporation’. The reduced connectivity between the Atlantic and 
the Mediterranean at the time of the salinity crisis is thought to have 
resulted from tectonic uplift of the Gibraltar arc seaway and global 
sea-level changes, both of which control the inflow of water required 
to compensate for the hydrological deficit of the Mediterranean’. 
However, the different timescales on which tectonic uplift and 
changes in sea level occur are difficult to reconcile with the long 
duration of the shallow connection between the Mediterranean 
and the Atlantic’ needed to explain the large amount of salt 
precipitated. Here we use numerical modelling to show that 
seaway erosion caused by the Atlantic inflow could sustain such a 
shallow connection between the Atlantic and the Mediterranean by 
counteracting tectonic uplift. The erosion and uplift rates required 
are consistent with previous mountain erosion studies, with the 
present altitude of marine sediments in the Gibraltar arc®’ and with 
geodynamic models suggesting a lithospheric slab tear underneath 
the region*°. The moderate Mediterranean sea-level drawdown 
during the early stages of the Messinian salinity crisis** can be 
explained by an uplift of a few millimetres per year counteracted 
by similar rates of erosion due to Atlantic inflow. Our findings 
suggest that the competition between uplift and erosion can result 
in harmonic coupling between erosion and the Mediterranean sea 
level, providing an alternative mechanism for the cyclicity observed 
in early salt precipitation deposits and calling into question pre- 
vious ideas regarding the timing of the events that occurred during 
the Messinian salinity crisis’. 

It is broadly accepted that the period of widespread salt precipitation 
in the Mediterranean known as the Messinian salinity crisis (MSC) 
spanned from 5.96 to 5.33 Myr ago'”. Although there is debate on how 
the events recorded in strata correlate between the marginal shallow 
basins and the deeper parts of the Mediterranean, biostratigraphic 
analyses" agree on the occurrence of two stages in both environ- 
ments: stage 1 encompasses the early salt precipitation (forming the 
lower evaporites), producing massive gypsum deposits at the basin 
margins and involving minor sea-level drawdown; stage 2 includes 
the formation of the upper evaporites and Lago Mare deposits, and a 
kilometre-scale Mediterranean sea-level drop evidenced by the 
widespread presence of Messinian erosion surfaces'’. During stage 2, 
the largest rivers flowing to the nearly desiccated Mediterranean 
excavated canyons about 2,500m deep in the Nile delta’? and 
1,000 m deep at the mouth of the Rhone’. Strontium isotope data’* 
indicate that stage 1 took place in a restricted Mediterranean, that is, 
one with reduced connectivity with the Atlantic, whereas stage 2 
occurred in predominantly continental waters with little or no con- 
nection to the ocean. The durations of these two phases have been 
estimated at 360 and 270 kyr, respectively, on the basis of the assump- 
tion that the 14 to 17 cycles observed in the gypsum of stage 1 are due to 
Milankovitch precessional cycles of insolation. 


Three mechanisms have been proposed as responsible for the closure 
of the seaways. A global sea-level drop can be discarded because the 
open-ocean benthic '*O/"°O ratio, a proxy for glacio-eustasy, does not 
match the onset of evaporite deposition’”’. Similarly, no evidence has 
yet linked local tectonic fault deformation’® along the corridors to the 
onset of the MSC, a period when tectonic activity was relatively low 
both in the Betic'’ and the Rifean corridors'*. Accordingly, a long- 
wavelength, mantle-sourced tectonic uplift of the Betic and/or Rif 
mountains®*’**? is seen as the most plausible cause for the isolation 
of the Mediterranean’, and is supported by the presence of uplifted, 
pre-Messinian marine sediments near the seaways in the Rif®’* and the 
Betics”’*. However, the physical feasibility of this mechanism has not 
yet been quantitatively tested, because former models of the MSC*?!” 
predefined the connectivity conditions at the seaway. Because sea level 
varies on much shorter timescales than tectonic uplift, previous 
attempts at linking both processes’ predict a succession of short desic- 
cations and floods during both stages of the MSC. This may explain the 
large amount of salt precipitated during the MSC*”**, which requires 
the evaporation of about 50 times the volume of the Mediterranean, but 
is in conflict with the notion of a two-stage MSC. Furthermore, the 
erosion produced by each flood would deepen and widen the inflow 
channel’>”®, implying a succession of multiple tectonic uplift and sub- 
sidence episodes”*”® for which no geodynamic mechanism is known. 

The alternative to multiple flooding is a long period of continuous 
inflow and limited outflow caused by a shallow connection between 
the Mediterranean and the Atlantic. This does not imply a large sea- 
level drawdown in the Mediterranean during stage 1, and allows for the 
required amount of salt to be precipitated in a few hundred thousand 
years. However, to avoid both interoceanic mixing and complete 
disconnection® this mechanism would require a fortuitous, ad hoc 
evolution of both sea level and uplift closely following each other with 
a deviation of only a few tens of metres*. Here we postulate that such a 
long-lasting, shallow connection can be naturally sustained by a com- 
petition between the tectonic obstruction of the seaway and its ero- 
sional deepening by water inflow, and that this competition was 
responsible for the salt precipitation during the first stage of the MSC. 

To test this hypothesis, we combine a model of rock erosion with 
classical hydrodynamic equations and a climate-based water budget 
(Fig. 1 and Supplementary Methods) to calculate the timing of water 
and salt flow between the Atlantic and the Mediterranean and the 
erosion produced along the connecting corridor. The evolution of 
the reference model in Fig. 2 starts with a 60-m-deep seaway that is 
uplifted at a constant rate. As the seaway becomes shallower, less water 
is able to cross the strait, and the Mediterranean sea level decreases 
evaporatively. When the seaway becomes shallower than a few tens of 
metres, the Mediterranean sea level decreases at rates of centimetres 
per year. As this sea-level difference across the Gibraltar arc increases, 
so does the shear stress of the inflow and the associated seaway erosion 
rate, which eventually compensates the imposed uplift rate. This keeps 
the inlet neither open enough to allow double circulation nor completely 
closed. If the uplift rate exceeds a critical value, U., then it overcomes 
erosion and the threshold rises above global sea level, cancelling the 
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Figure 1 | Competition between uplift and erosion along the last corridor 
connecting the Atlantic and the Mediterranean during stage 1 of the MSC. 
Erosion at the sill is controlled by rock erodibility and water inflow, which is 
calculated as a function of sill depth, z) — z,, and head loss, zp — z;. Oscillations 


connection permanently. The reference model in Fig. 2 corresponds to 
the critical uplift rate (4.9mm yr‘) for the reference erodibility and 
climatic parameters. We searched systematically for the critical uplift 
rates for a range of erodibility values consistent with previous river 
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in water level and salinity can result from feedback (harmonic coupling) 
between tectonic uplift, water flow, evaporation and sill erosion. Sketch not 
drawn to scale. 


incision studies (Fig. 3) and found that values greater than 1 mmyr * 
are needed. These values are close to uplift rates expected from mantle 
geodynamic models simulating slab detachment”””. Critical uplift rates 
are also dependent on the hydrological deficit. Changing the climatic 
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Figure 2 | Calculated evolution of the reference model resulting from 
competition between seaway uplift and erosion. The uplift rate is set to 
U=4.9mmyr ’, close to the critical value causing complete disconnection, 
and undergoes a minor acceleration to force the formation of exactly 17 
precipitation cycles before closure at t= 100 kyr. The model starts with a 60-m- 
deep seaway at t= 0. Att = 11 and t= 12 kyr, the saturation of gypsum is 
reached in the eastern and western Mediterranean, respectively. a, Halite and 
gypsum precipitation rates; b, flow velocity and width of the seaway; c, inflow 
water discharge and erosion at the seaway; d, seaway depth (black), level of the 
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(Reference model) 


U=U,=4.9mmyr' U=2.0 mmyr" 


Atlantic (blue), and level of the Mediterranean (red). At t = 10 kyr, the seaway 
becomes shallow enough to reduce water discharge and velocity, allowing a 
Mediterranean evaporative drawdown that leads to higher slope and erosion 
along the seaway. The subsequent oscillations in sea level and salt precipitation 
are the result of dynamic harmonic coupling between the drawdown and the 
refill triggered when erosion deepens the seaway. The amplitude of sea-level 
oscillations in this example is an upper limit. For comparison, the results 
obtained for an uplift rate of 2.0 mm yr! are also displayed, by lighter lines, in 
b and d. Dashed lines in a and d indicate values for the eastern Mediterranean. 
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Figure 3 | Parameterization of the competition between uplift and erosion. 
a, Depth of the seaway and the Mediterranean sea level, and their range of 
oscillation as the seaway uplift rate approaches its critical value, U., at which 
there is complete disconnection from the Atlantic. b, Critical uplift rates 
required for closure, for a range of values of erodibility and for four values of the 


conditions used for the calculations, from the relatively wet setting 
deduced for the MSC” to the present dryer conditions, implies an 
increase of the critical uplift rate by a factor of almost three. Thus, a 
relatively humid climate during the early Messinian may have facilitated 
the isolation and eventual evaporation of the Mediterranean by decreas- 
ing the amount of water crossing and eroding the seaway. 

We found that uplift rates only slightly lower than the critical value 
produce a cyclic change in the sea level of the Mediterranean, even if 
uplift occurs at a constant rate. The dynamic equilibrium between 
uplift and erosion attained at low uplift rates develops into an apparent 
sea-level harmonic oscillation for values comparable to U.. This 
happens as follows (Fig. 1). Inflow reduction by tectonic uplift leads 
to a delayed evaporative drawdown in the Mediterranean, with the 
time lag depending on the sea’s hydrological deficit. The drawdown 
induces greater flow energy in the corridor and larger incision rates 
that deepen the seaway, allowing more water inflow and the recovery 
of the normal Mediterranean sea level. This reduction in sea-level 
difference leads to slower inflow and erosion that can be again over- 
come by tectonic uplift. This cyclic process produces salt precipitation 
and sea-level cycles of higher intensity as the uplift rate gets closer to 
the critical value (Fig. 3a). The period of these cycles is dependent on 
uplift rate and on the hydrological deficit, and using climatic para- 
meters closer to the present drier climate scenario produces a reduc- 
tion in the oscillation period by a factor of two relative to the reference 
model. This suggests that the cyclicity of the lower evaporites (stage 1) 
might be a result of the competition between tectonic uplift and water 
flow erosion, rather than of Milankovitch insolation changes as previ- 
ously proposed". In that case, the duration of stage 1 may have been 
half of previous estimates’ or less, because the cycle periods that we 
obtain (<10 kyr) are less than half of the precession cycle (21 kyr). The 
uncertainty in erodibility and uplift data does not allow us definitively 
to state this as an origin for the cycles on the basis of only modelling 
techniques, and global sea-level changes might also have modulated 
shorter-term sediment sequences*. However, within the approaches 
taken here the coupling between uplift and erosion is dominant as long 
as global oscillations are smaller than about 10 m (Supplementary Fig. 3). 

Regardless of the origin of the cycles, the results imply that stage 1 
was sustained by a competition between uplift and erosion at the 
seaway, allowing for limited but uninterrupted Atlantic inflow. This 
is consistent with the observation that the Mediterranean underwent 
relatively small sea-level drawdown, of a few hundred meters or less’, 
during stage 1, allowing the formation of coastal erosional surfaces”. 


Erodibility, k, (m yr? Par) 


exponent, a, of the erosion power law. Labelled arrows indicate references for 
erodibility and uplift rates (for some references, see Supplementary 
Information). The grey-shaded area indicates the parameter ranges supported 
by the references and the model results. 


During stage 2, any possible water supply from the Atlantic could not 
last more than a few thousand years because the large head loss across 
the Betic-Rifean orogen would imply high incision rates and lead 
irreversibly to a complete refill’®, leading back to the initial pre-MSC 
situation. Therefore, the simplest picture consistent with the physics of 
our model includes, first, a single stage of sustained inflow of Atlantic 
waters and limited or no outflow (stage 1), then a single stage of 
complete disconnection and kilometric drawdown with sea level 
controlled mainly by changes in the Mediterranean hydrological 
budget (stage 2), and then a single, final flood (Supplementary Fig. 1). 

Evidence for the tectonic uplift required by the model is found near 
the last corridors connecting both oceanic domains. In the Betic 
internal basins, the pre-Messinian marine-continental transition is 
at present at altitudes close to 1,000 m (Fig. 4), with most intramountain 
basins emerging between 7.6 and 5.3 Myr ago’. In the Rifean corridor, 
palaeodepth reconstructions indicate a rapid shallowing starting 
7.2 Myr ago at rates as high as 3.6 mmyr ", with the transition from 
marine to continental deposits occurring by 6.0 Myr ago’® and lying at 
present at an altitude higher than 600 m. This is consistent with a long- 
wavelength uplift of at least that amount across the Rif—Atlas 
corridor®'*’. Either of these uplifts can explain the closure of the 
Mediterranean according to the model presented here, which requires 
uplift of more than 1 mmyr’' (Fig. 3b) over a period of at least 80 kyr. 

Lithospheric slab detachment and roll back has previously been 
suggested as the possible cause for uplift that initiated the MSC’. 
Our model allows to bridge the gap quantitatively between such 
geodynamic processes and the MSC events. Slab detachment models 
predict uplifts of kilometre scale, with uplift rates ranging from 
0.07 mm yr | (ref. 29) to4mm yr~ ' (ref. 10). The higher values within 
this range are consistent with the rates needed to close the seaway in 
our model. Moreover, tear propagation of a hanging lithospheric slab 
underneath the Gibraltar arc* provides a mechanism of westwards 
propagation of both uplift and subsidence (Fig. 4). Recent seismic 
tomography obtained from the inversion of P-wave arrival times” 
supports the presence of such lithospheric tearing (Fig. 4 and 
Supplementary Information). The location of this tear point between 
the last pre-Messinian corridor and the strait of Gibraltar (Fig. 4) could 
explain the uplift and closure of the Betic seaways’, anda later subsidence 
in Gibraltar, leading to the Zanclean flood*®. But other modes of 
tectonic uplift cannot be completely ruled out as responsible for the 
closure of the Mediterranean: the ongoing tectonic convergence 
between Europe and Africa (about 4mmyr ' since the Tertiary 
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Figure 4 | Geodynamic interpretation of the results invokes the lateral 
migration of a tearing® of the lithospheric slab originally attached to the 
south Iberian margin. a, Geological map of the Gibraltar arc and subjacent 
mantle structure derived from seismic tomography. White arrows indicate 
uplift of intramountain basins within the Betics”’’ and the Rif*'’, and ages of 
their transition from marine to continental conditions’. White dots locate 


period) could also have contributed to uplift rates through faulting or 
doming’. 

The MSC has implications beyond its effects on the Mediterranean 
landscape. During stage 1, the Mediterranean basin sequestered about 
10% of the salt of Earth’s oceans, raising its freezing point by about 
0.2 °C. During desiccation (stage 2), the evaporated Mediterranean 
waters were redistributed through the atmosphere to the world oceans, 
raising global sea level by about 10 m, as recorded in reef stratigraphy 
in the Pacific Ocean*'. However, the climatic impact of the MSC 
remains elusive, as model results are ambiguous” and not well 
reflected in palynological data*’. Final evidence on the timing and 
magnitude of these events may come in future from improved global 
climate models that could in turn benefit from the uniquely extreme 
conditions imposed by the Messinian natural laboratory. 


METHODS SUMMARY 


We calculate sea-level changes in the Mediterranean by developing a one-dimensional 
model of the depth of the seaway that limits the water inflow from the Atlantic. The 
feedback between water-flow-controlled incision and seaway-depth-controlled 
water flow is implemented by developing a formulation based on previous river 
incision studies and on standard hydrodynamic formulae. The model is based on 
the assumption that the depth of the seaway, z,, depends on uplift and erosion, the 
last being a power-law function of basal shear stress. The level of the Mediterranean 
is a function of precipitation, evaporation, river supply and Atlantic inflow along 
the seaway. The evaporation surface of the Mediterranean is calculated as a func- 
tion of its level, using a reconstructed hypsometry'. The interplay between 
tectonic uplift, incision and the driving role of hydraulic gradient across the seaway 
(resulting from the competition between inflow through Gibraltar and the water 
deficit in the Mediterranean) is calculated using an explicit finite-difference, time- 
iterative technique. At each time step, the water discharge, Q, is calculated on the 
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earthquake hypocentres used for the tomographic inversion and blue arrows 
locate proposed connecting corridors. b, Interpretative sketch: T marks the 
proposed lithosphere tearing point, separating areas where the sinking 
lithospheric slab (blue) is detached from Iberia, inducing surface uplift (to the 
east), from areas where it remains attached to the crust (to the west). 


basis of the depth of the sill and the head loss, and then seaway erosion is calculated 
from the basal shear stress of the flow. See Methods for further details. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Methods for water flow and erosion calculations. Consider a sill connecting two 
oceanic basins with a depth z, < 0 (average across the strait; negative means below 
initial ocean level) and acting as a water gate between a source basin (Atlantic) at 
level z and a sink basin with a negative water budget (Mediterranean) at level z). 
These levels are shown in Fig. 1. The seaway depth is reduced by tectonic uplift at a 
rate Uin competition with water flow incision, which is assumed to be a power-law 
function of basal shear stress, T. 
dz; 


a TU he(t— 2)" (1) 


Both k, (the erodibility) and a are positive constants. The uplift rate, U, is taken 
to be constant in all tests, except for in those whose results are shown in Fig. 2, 
where a negligible acceleration is arbitrarily chosen to force complete closure at 
t= 100kyr. The unit stream power approach, including water velocity, V, as a 
multiplying factor of t in equation (1), has also been tested, but its influence on 
results is smaller than other factors discussed in this paper. In equation (1), t, is the 
critical shear stress needed for erosion (50 Pa in the reference model**). Although 
different formulations for water-flow-driven erosion are under debate (see, for 
example, ref. 34), equation (1) is an adequate first approach to a detachment- 
limited scenario describing an interoceanic sill with a limited supply of abrasive 
tools. We consider values of a between 1 and 3 (ref. 35). For a= 1, k, ranges 
from 10° and 2 X 10° *myr' Pa! (that of Himalayan schists and sandstones, 
respectively*) to ~10 ’myr ‘Pa’ (Himalayan metamorphic phyllites and 
schists*”) for river bed incision and 18-40myr ‘Pa ' for unconsolidated soil 
erosion**, For a = 1.5, k, has been estimated at 8 X 10 ° (Mesozoic limestone”) 
and 1.610 *myr 'Pa '° (Oligocene flysch”). A value of a=3 may be 
applicable if cavitation takes place”’. 

Shear stress, t, at the sill can be expressed as the product of water density, p; the 
acceleration due to gravity, g; the mean water depth of the channel, z, — Zo; and the 
slope of the water surface, S, also known as the hydraulic gradient: 


T= pg(zs—Z0)S (2) 
We assume that S=(z; — zo) /L, where z; — Z is the head loss and L = 100km 
represents the half-width of the Betic—Rifean orogen. To calculate the water flow 
over the sill and the level of the Mediterranean basins, we use an empirical rela- 
tionship relating water flow speed (in metres per second) with the hydraulic 
gradient (Manning’s formula): 


1 2/3 
V= i si? (3) 


Here n= 0.05 is the roughness coefficient and R, is the hydraulic radius (in 
metres) of the strait connecting the Atlantic and the Mediterranean. The hydraulic 
radius is a measure of the flow efficiency of a river channel, and because channel 
width is considerably larger than channel depth, it can be assumed that 
Ry ~ Z — Zp. We also tested the critical flow condition 


8(2s—2o) (4) 


as an alternative to equation (3), but this does not introduce qualitative changes in 
the results. 
Water discharge (in cubic metres per second) can be calculated as 


Q= WEE; —Z0)V (5) 


V= 


where W is the width of the channel (in metres). An empirical relationship for 
channel width derived from river channel studies*! has been used: 


W = ky Q™ (6) 


where dy = 0.5 is an empirically determined constant and k, = 1.2 is a value 
comparable to mountain rivers and to the channel excavated during the 
Zanclean flood’®. However, the models in this paper adopt a more sophisticated 
form for the width-discharge relationship, accounting for the effect of uplift as 
derived in ref. 42: 


Tot =.) = 6/13 
wooo 7 
[= ; (nQ) (7) 


Here C,, is an empirically determined constant. Width adjustment to discharge might 
actually take between thousands and millions of years (see, for example, ref. 34). We 
assume here that this adjustment is instantaneous, but an extreme case in which the 
time lag is infinite (that is, the width is constant) yielded similar results, except for a 
~20% reduction of the amplitude of the tectonic-erosional oscillations. 

The level of the Mediterranean changes as a function of sea evaporation, E; 
precipitation, P; river supply, R; and Atlantic inflow, Q, above the seaway: 


dz, R+ Q(z;,20,21) 
P-—E4 8 
dt " Aned(Z1) (8) 


Here Zp — Z; is the head loss across the seaway and Ayeq(Z1) is the surface area of 
the Mediterranean as a function of its level (hypsometric reconstruction’’). We use 
the values E = 1.2 myr |, P=0.6 myr | and R = 4,500 and 12,000 ms! for the 
eastern and western basins, respectively’*®, consistent with a hydrological deficit 
nearly 50% smaller than at present’’. Both basins start at present sea level (z = 0). 
The role of the Sicily sill (taking its present depth to be 430 m) is accounted for as 
described in ref. 22. Its depth acts as a limit to the sea-level oscillation of the 
western Mediterranean (Fig. 3), supporting the interpretation (see ref. 28 and 
references therein) that the erosional terraces formed at similar depths could be 
related to a moderate sea-level drop during stage 1. 

Interdependence between the Mediterranean sea level and the erosion rate 
results in a harmonic oscillatory behaviour. When levels in both oceanic domains 
are similar, erosion rates at the sill are low (equations (2) and (3)), implying a 
shallowing of the seaway, a decrease of inflow and a lowering of Mediterranean 
level by evaporation. As this level becomes low enough, the large head loss triggers 
high erosion rates of the sill, leading to large inflow and restoring the level of the 
Mediterranean. Oscillations occur because evaporation has a delayed effect on 
level drawdown relative to inflow changes. The frequency and amplitude of these 
oscillations are mostly dependent on the hydrological deficit involved in equation 
(6) and on the erodibility, k,, which determines the amount of head loss required 
to overcome seaway uplift in equation (1). 

Equations (1)-(8) are numerically solved using an explicit finite-difference, 

time-iterative technique. We use a time step of 0.2 yr and assume that the initial 
sill depth is z,= —60m, where the initial ocean level relative to which z, is 
measured is taken to be Zp = 0. Increasing the initial sill depth induces only a delay 
in the time required for closure, which remains otherwise unaffected. Our study 
cannot discriminate whether this seaway uplift is related to a global sea-level fall or 
to tectonic uplift of the Gibraltar strait. On complete disconnection, we obtain 
equilibrium desiccation levels for the Mediterranean basins of z, = 2,500 (west) 
and zz = 2,700 m (east) below sea level**. Global sea level rises 9.5 m as a result of 
the desiccation, because the water evaporated from the Mediterranean is trans- 
ferred to the global ocean. The parameterization of the model is shown in Fig. 3 
and Supplementary Figs 2 and 3. 
Methods for salt budget calculations. To estimate salt precipitation, we track the 
content of gypsum and halite in Mediterranean water. We take into account the salt 
input through the inflow current and consider vertically averaged salinity values 
for the Atlantic, the western Mediterranean and the eastern Mediterranean. The 
aim of this salt budget calculation is only to check the ability of the tectonic- 
erosional sea-level oscillations to cause oscillations in salt precipitation comparable 
to those observed in the marginal basins. More detailed models of Messinian salt 
precipitation can be found in refs 4, 21, 22. Salinities are here vertically averaged, 
neglecting brine stratification. We account for salt transport starting with initial 
gypsum and halite concentrations the same as those in the present ocean: 0.0031 
and 0.035kg1~', respectively. As the brine concentrates in the Mediterranean, 
precipitation of gypsum and halite occurs when the total concentration of salt reach 
0.140 and 0.3715 kg] ', respectively. In the absence of mixing between the Atlantic 
and the Mediterranean, the salt accumulated during the MSC could be precipitated 
in only 80,000 yr (assuming a Mediterranean water deficit of half the present value, 
2.4 10"? m’ yr” |; refs 22, 44). Higher mixing rates would imply a larger time lag 
before salt precipitation starts and a larger time lag between gypsum and halite 
precipitation. 

We can estimate the sill depth required to cancel outflow by calculating the 
minimum sill depth that allows an inflow equal to the net evaporation of the 
Mediterranean (the reasoning is similar to that in fig. 7 in ref. 21). The inflow 
over such sill is maximized by the critical flow (that is, assuming a drawdown of the 
Mediterranean level below that of the sill). By using the critical flow condition 
(equation (4)), assuming the width of this inflowing hypothetical ‘cascade’ to be 
five times its depth (a value representative of incising mountain rivers) and using 
equation (5), it is straightforward to obtain a depth of 22.5 m. This is a minimum 
estimation of the sill depth cancelling outflow and mixing, because a nearly full 
Mediterranean slows the inflow (see, for example, ref. 44). The model-calculated 
sill is shallower than that value during the tectonic-erosional competition, show- 
ing that double flow did not occur during that stage. For the initial time steps 
(before the tectonic-erosional dynamic equilibrium), we used a simple mixing 
approach whereby Atlantic-Mediterranean mixing varies linearly with depth, 
between the present mixing rate (1.4% per year**) for the present sill depth 
(284 m) and zero mixing for a depth of 30 m. This only slightly delays (by up to 
15 kyr, depending on the uplift rate) the time of saturation of the Mediterranean 
brines, but does not affect the period or amplitude of the cycles later on. Although 
there are more refined formulations of the double-sided seaway circulation due to 
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the salinity difference“, these do not account for a large drawdown, which is the 
main drive during the MSC. Previous models have addressed in more detail the 
role of Atlantic-Mediterranean mixing* and the role of vertical stratification 
within the Mediterranean. 


Isostatic vertical motions at the seaway related to sea-level changes”? are not 


taken into account because they take place over periods of ~20,000 yr imposed by 
asthenospheric viscosity, and therefore do not affect the shorter oscillation periods 
derived here. 
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Resolving the evolutionary relationships of molluscs 


with phylogenomic tools 


Stephen A. Smith'?, Nerida G. Wilson**, Freya E. Goetz’, Caitlin Feehery'™, Sonia C. S. Andrade’, Greg W. Rouse’, 


Gonzalo Giribet” & Casey W. Dunn! 


Molluscs (snails, octopuses, clams and their relatives) have a great 
disparity of body plans and, among the animals, only arthropods 
surpass them in species number. This diversity has made Mollusca 
one of the best-studied groups of animals, yet their evolutionary 
relationships remain poorly resolved’. Open questions have 
important implications for the origin of Mollusca and for morpho- 
logical evolution within the group. These questions include 
whether the shell-less, vermiform aplacophoran molluscs diverged 
before the origin of the shelled molluscs (Conchifera)”* or lost 
their shells secondarily. Monoplacophorans were not included in 
molecular studies until recently”®, when it was proposed that they 
constitute a clade named Serialia together with Polyplacophora 
(chitons), reflecting the serial repetition of body organs in both 
groups’. Attempts to understand the early evolution of molluscs 
become even more complex when considering the large diversity of 
Cambrian fossils. These can have multiple dorsal shell plates and 
sclerites’’° or can be shell-less but with a typical molluscan radula 
and serially repeated gills'’. To better resolve the relationships 
among molluscs, we generated transcriptome data for 15 species 
that, in combination with existing data, represent for the first time 
all major molluscan groups. We analysed multiple data sets con- 
taining up to 216,402 sites and 1,185 gene regions using multiple 
models and methods. Our results support the clade Aculifera, con- 
taining the three molluscan groups with spicules but without true 
shells, and they support the monophyly of Conchifera. Mono- 
placophora is not the sister group to other Conchifera but to 
Cephalopoda. Strong support is found for a clade that comprises 
Scaphopoda (tusk shells), Gastropoda and Bivalvia, with most ana- 
lyses placing Scaphopoda and Gastropoda as sister groups. This 
well-resolved tree will constitute a framework for further studies of 
mollusc evolution, development and anatomy. 

Since the first animal phylogenies based on molecular data, many 
researchers have struggled to resolve mollusc phylogenies even as 
taxon sampling improved>*"? (see Fig. 1 for some hypotheses that have 
been proposed). Little support, if any, was found for the monophyly of 
Mollusca or most of its larger subclades. Better results were achieved 
for some internal relationships of these groups, including Polyplaco- 
phora, Bivalvia, Cephalopoda, Scaphopoda and Gastropoda, although 
often with difficulties recovering monophyly of the two largest clades, 
the gastropods and bivalves*’*"*. Unfortunately, fundamental ques- 
tions in mollusc evolution remain largely unanswered by the molecular 
and morphological data. These questions include whether the aplaco- 
phoran molluscs are monophyletic” or paraphyletic**. There has also 
been conflicting evidence for the placement of Polyplacophora, which 
has been placed with the aplacophorans (forming the clade Aculifera), 
as the sister group to the shelled molluscs (forming the clade Testaria) 
or as the sister group to Monoplacophora (forming the clade Serialia). 
In addition, many hypotheses have been proposed for the interrela- 
tionships of the conchiferan groups. The extensive fossil record of 


Mollusca (which dates back to the Cambrian), combined with the 
numerous Palaeozoic forms that are considered stem-group molluscs 
and the lack of resolution in targeted-gene approaches to molluscan 
phylogenetics, pointed towards a possible rapid radiation with little 
phylogenetic signal left in the genomes of molluscs. However, the same 
has been argued for the radiation of Metazoa in the Cambrian or 
earlier’’, but large increases in gene representation using phyloge- 
nomic analyses have clearly ameliorated this problem and identified 
relationships that seemed impossible to resolve with target-gene 
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Figure 1 | Selected hypotheses of extant molluscan relationships and 
relevant taxa. Phylograms based on the hypotheses of Scheltema’ (a), Salvini- 
Plawen and Steiner’ (b) and Waller** (c). Most controversy centres on the 
monophyly of Aplacophora, the relationships within Conchifera and the 
placement of Polyplacophora (for example, in Aculifera versus in Testaria). 
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approaches’*’’. We applied the same principles to Mollusca, one of the 
most challenging problems to solve in animal phylogenetics. 

Only phylogenomic analyses have been able to recover molluscan 
monophyly with high support'’; however, few molluscs were included 
in earlier analyses, and not all of the major subclades were represented. 
Therefore, little could be concluded about the interrelationships of the 
major molluscan groups. Morphology-based cladistic analyses have 
often relied on ‘idealized’ composite ground patterns to represent 
entire clades**, a practice that has now been largely replaced with 
the use of exemplar species'® and more detailed character descrip- 
tions. But an analysis of molluscan morphological features coding real 
exemplars has yet to be published, and the exemplar approach is much 
more amenable to molecular data. 

Analyses of our broadly sampled, new phylogenomic data (see 
Methods, Supplementary Table 1 and Supplementary Fig. 1) result in 
a well-resolved and highly supported phylogeny of Mollusca (Fig. 2), in 
contrast to all previous molecular attempts*®*’’. These results are con- 
sistent across analytical methods, phylogenetic inference programs, 
matrices that vary in occupancy and the number of genes considered 
(Fig. 2 and Supplementary Figs 2—6 and 9), and the inclusion of differ- 
ent outgroup taxa (Supplementary Fig. 7). 

Our results (Fig. 2) show a sister group relationship between the 


aculiferan molluscs and the conchiferan groups. Aculifera*’ includes 
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Figure 2 | Phylogram of the RAxML maximum likelihood analysis of the big 
matrix (216,402 amino acids) under the WAG+/ model. Support values for 
the topology obtained from four analyses are listed as percentages in the order 
A/B/C/D. A is the bootstrap support from RAxML analysis under the WAG 
model for the big matrix. B is the bootstrap from RAxML analysis under the 
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Polyplacophora as the sister group to the two aplacophoran groups 
(Neomeniomorpha and Chaetodermomorpha). This topology lends 
support to the idea that the vermiform Aplacophora are not plesio- 
morphic but are derived from plated Palaeozoic molluscs such as 
Acaenoplax"®. The aculiferans are characterized by spicules and dorsal 
shell plates. Chitons have eight dorsal shell plates, but their larva has an 
anlagen with seven rows of dorsal papillae, as observed in the serially 
arranged spiculoblasts of a chaetodermomorph larva”, a character that 
may constitute a synapomorphy of the clade. 

Conchifera is supported as a clade, suggesting that true shells may 
have originated only once, perhaps by the concentration of a diffuse 
shell gland into a single zone of the mantle (two zones in bivalves), at 
least as defined by the role of engrailed during organogenesis*'. The 
support here for Conchifera rejects the recent Serialia hypothesis”. 
Comparing the site likelihoods in analyses in which Serialia is con- 
strained with those in which it is not constrained reveals that there 
are many more characters that are incongruent with Serialia than sup- 
port Serialia (Supplementary Fig. 8). Monoplacophora is not, however, 
the sister group of all other Conchifera, as has been suggested by most 
authors, and is instead the sister group to Cephalopoda, as has been 
proposed based on some palaeontological data”. Many palaeontologists 
have accepted the monoplacophoran ‘ancestry’ of Cephalopoda”*”*, 
although this relationship has been rejected by neontologists, who 
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consider that cephalopods and gastropods share important morpho- 
logical features such as the presence of cephalic eyes, the isolation of the 
head from the visceral mass, the terminal position of the mantle cavity 
and the occurrence of muscle antagonistic systems*”’. The presence of 
multiseptate shells in fossil Hypseloconidae monoplacophorans, a 
character that is found in Nautilus and fossil cephalopods, has been 
interpreted as supporting this relationship between Cephalopoda and 
Monoplacophora™*. The presence of two pairs of gills, kidneys and atria 
in the chambered Nautilus has been interpreted as an indication that 
secondary simplification took place during the early evolution of 
cephalopods from an ancestor with serially repeated structures”. 
This interpretation and the present trees suggest that the most recent 
common ancestor of Cephalopoda and Monoplacophora had some 
serially repeated structures. 

The internal resolution of Cephalopoda is in agreement with all of 
the current hypotheses, with the chambered Nautilus forming the 
sister group of Coleoidea, and also identifies the monophyly of 
Decapoda**”®. Scaphopoda, Gastropoda and Bivalvia form a clade with 
thick multilayered shells, but this clade has received little attention in 
the literature’. Most morphological hypotheses place scaphopods as 
the sister group to bivalves in a clade named Diasoma’”’ and, recently, 
molecular and developmental data have favoured a cephalopod- 
scaphopod relationship. Although there is strong support for the 
placement of Scaphopoda as the sister group to Gastropoda in 
maximum likelihood analyses of the big matrix (Fig. 2 and Supplemen- 
tary Figs 2 and 4), maximum likelihood analyses of the small matrix 
recover this same relationship but with less support (Fig. 2 and Sup- 
plementary Figs 3 and 5). Bayesian analyses using the site-heterogeneous 
CAT model of protein evolution also place Scaphopoda as the sister 
group to Gastropoda, with a posterior probability of 89% (Supplemen- 
tary Fig. 9). 

Within Bivalvia, maximum likelihood analyses and Bayesian ana- 
lyses under the Whelan and Goldman (WAG) model support the 
monophyly of Protobranchia, which includes bivalves with plesio- 
morphic ctenidia—gills comparable to those of many other molluscs. 
This contradicts some earlier bivalve phylogenies, based on fewer data, 
that proposed paraphyly of protobranchs™ but supports the traditional 
morphological views*”*. Bayesian analyses with the CAT model are 
consistent with Protobranchia but do not provide strong support for it. 
The hypertrophied bivalve gill, which is responsible for filter feeding, 
had a single origin, and organisms with this type of gill constitute the 
well-recognized clade Autolamellibranchiata. Palaeoheterodonta (the 
group that includes freshwater pearl mussels) is the sister group to all 
other autolamellibranchiates, which can be divided into heterodonts 
and pteriomorphians. This hypothesis is similar to that proposed by 
some palaeontologists, although additional taxa, especially Neotrigonia, 
Anomalodesmata and Archiheterodonta, must be included before con- 
cluding more about the internal autolamellibranchiate relationships. 

Likewise, the internal relationships of Gastropoda, although still 
limited in their taxonomic representation (the group includes nearly 
100,000 living species), support some of the major divisions that are 
currently accepted”. The patellogastropod Lottia is either the sister 
group to Vetigastropoda (as in Thiele’s Archaeogastropoda hypo- 
thesis) or the sister group to all other gastropods”, depending on the 
data set that is analysed. The former alternative has been recovered in 
recent molecular analyses of gastropods”. The two representatives of 
Caenogastropoda form a sister clade to the representatives of 
Heterobranchia, including opisthobranchs and pulmonates, as sug- 
gested in all of the modern analyses of gastropod relationships'*”’. 

For the first time, our data and analyses resolve the broad-scale 
relationships within Mollusca with strong support. This allows us to 
gain an understanding not only of the relationships of modern molluscs 
but also of the numerous Palaeozoic forms of molluscs. It also allows us 
to investigate several key characters that define the group. Molluscs are 
related to other animals with spiral development and a trochophore 
larva and have now been shown to share a close ancestor with annelids 
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and brachiopods’®, both of which use chaetoblasts to produce chaetae. 
Spicules and chaetae may share a similar developmental mechanism”. 
Likewise, the appearance of dorsal plates or shells in addition to sclerites 
is now well documented in halwaxiids, Acaenoplax and Polyplacophora. 
These features are generated by multiple rows of secretory papillae in 
chiton and aplacophoran larvae. They may be plesiomorphic among 
molluscs, especially if halwaxiids are interpreted as stem-group mol- 
luscs, but they could also be apomorphic for Aculifera. The condensa- 
tion of such papillae into a single shell gland” could be responsible for 
the origin of the conchiferan shell, arguably the single event that led to 
the extraordinary success of molluscs, first in the Cambrian oceans and 
later in many limnic and terrestrial environments. In addition to the 
presence of shell glands that can deposit calcium carbonate, the 
primitive mollusc may have had a rasping radula and serially repeated 
ctenidia along the mantle cavity, because both characters appear in the 
two lineages of extant molluscs, Aculifera and Conchifera, as well as in 
several extinct Palaeozoic stem molluscs. Like the arthropods, with 
their hardened exoskeletons, molluscs are true conquerors of our land 
and waters. 


METHODS SUMMARY 


New transcriptome data were collected for 14 mollusc species that had been selected 
to optimize taxonomic representation (Supplementary Table 1). Collecting efforts 
included an oceanographic campaign to collect members of the key taxon 
Monoplacophora. Using several protocols, messenger RNA was extracted, and 
cDNA samples were sequenced on a 454 Genome Sequencer FLX Titanium 
(Roche) or a Genome Analyzer IIx (Illumina). After assembly and translation, the 
sequences from all taxa were compared to each other with BLASTP. These pairwise 
comparisons were used to cluster genes into homologues using the algorithm MCL. 
The phylogenetic analyses divided sets of homologues into orthologues, which were 
aligned, trimmed and concatenated into two supermatrices that differed in the 
number of genes and the average fraction of genes available for each species. The 
‘small’ matrix consists of 301 genes that are present in at least 20 taxa. This matrix 
has 50% gene occupancy (that is, sequence data were available for an average of 50% 
of the genes across the taxa), 27% character occupancy (that is, 27% of the matrix 
consists of unambiguous amino acid data, with the remainder being missing data or 
alignment gaps) and is 50,930 sites in length. The ‘big’ matrix consists of 1,185 genes 
that are present in at least 15 taxa. This matrix has 40% gene occupancy, 21% 
character occupancy and is 216,402 sites long. Both matrices contain data for all 
of the 46 species that were included in the study. The matrices were analysed with the 
programs RAxML, MrBayes and PhyloBayes to infer relationships. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Taxon sampling and RNA isolation. The taxa were selected to optimize 
taxonomic representation within Mollusca. Collecting efforts included an oceano- 
graphic campaign to collect members of the key taxon Monoplacophora*'. New 
transcriptome data were collected for one outgroup taxon, Lingula anatina, and 
for 14 other taxa that were broadly sampled across Mollusca (Supplementary 
Table 1). All tissues were collected fresh and were prepared immediately or pre- 
served for subsequent RNA work. Stored tissue was frozen (at — 80 °C) or added to 
RNAlater (and frozen at —80°C or —20°C). Total RNA was isolated with TRI 
Reagent (Invitrogen) and further cleaned up with an RNeasy kit (QIAGEN), 
including a DNase I digestion step. 

Sequencing. Samples were sequenced on a 454 Genome Sequencer FLX Titanium 
(Roche) or a Genome Analyzer IIx (GA IIx, Illumina). The sample preparation 
protocol and sequencing technology used for each sample is listed in 
Supplementary Table 1. 

All 454 samples were sequenced by 454 Life Sciences on one-eighth of a 
Titanium flow cell. For five of the 454 samples, RNA was sent to the sequencing 
facility for library preparation and sequencing according to the standard 454 
cDNA protocols (these samples are marked Roche in the Library Protocol column 
of Supplementary Table 1). Nautilus pompilius mRNA was enriched by one round 
of binding to Dynabeads (Invitrogen); for the other specimens, total RNA was sent 
to the sequencing centre, where mRNA enrichment was performed. For four of the 
454 samples, full-length cDNA was prepared according to a template-switching 
protocol” (these samples are marked TS in the Library Protocol column of 
Supplementary Table 1). Adaptors were modified to include restriction sites 
and were removed by cleavage before sequencing. An Mmel site was incorporated 
into the 3’ adaptor (5’-ATT CTA GAG CGC ACC TTG GCC TCC GAC TTT 
TCT TTT CTT TTT TTT TCT TTT TTT TIT VN-3’, where V and N are 
ambiguous nucleotides), and a Sfil site (5’-AAG CAG TGG TAT CAA CGC 
AGA GTG GCC ACG AAG GCC GGG-3’) or an AsiSI site (5'-AAG CAG 
TGG TAT CAA CGC AGA GTG CGA TCG CGG G-3’) was included in the 5’ 
adaptor. Titanium sequencing reagents were used for all samples. Additional 
expressed sequence tags for L. hyalina were sequenced with Sanger technology 
according to previously described methods”. 

Most Illumina samples were prepared with the NEBNext mRNA Sample Prep 

kit (New England BioLabs), with size selection for 400 base pair (bp) products. 
These samples were sequenced (paired-end, 104 bp), with one per lane on an 
Illumina GA IIx at the Genomics Core Facility at Brown University. One sample 
(marked Fragmentase in the Library Protocol column of Supplementary Table 1) 
was prepared with a modified NEBNext mRNA protocol, in which the full-length 
cDNA was fragmented with NEBNext dsDNA Fragmentase (New England 
BioLabs) instead of the mRNA being fragmented. This sample was sequenced 
(paired-end, 150 bp) in a single lane on an Illumina GA IIx at the FAS Center 
for Systems Biology at Harvard University. 
Assembly. Publicly available data from the NCBI dbEST database were processed 
with a version of the PartiGene pipeline (version 3.0.5)** that had been modified to 
run without user intervention. Trace Archive data were processed as described 
previously’’. 

Roche 454 data were assembled with the Newbler GS De novo Assembler (version 
2.3, Roche) with the flags “-cdna -nrm -nosplit’. In cases in which multiple splice 
variants (isotigs in Newbler terminology) were produced for a gene (an isogroup in 
Newbler terminology), a single exemplar splice variant was selected. The selected 
isotig was the one with the highest geometric mean of reads spanning each splice site 
between contigs. This roughly corresponds to the most abundant splice variant for 
the gene. Singletons that were not assembled by Newbler were assembled with 
CAP3 (version 10/15/07, with the options ‘-z 1’ and ‘-y 100’). The sequences that 
were assembled by Newbler, the sequences that were assembled by CAP3 and all 
singletons that were not assembled by either were used in subsequent analyses. 

Illumina data were assembled with Velvet™ (version 1.0.12) and Oases (version 
0.1.15). Insert lengths for Oases were estimated with a 2100 Bioanalyzer (Agilent). 
Reads that did not have an average quality score of at least 35 were removed. We 
examined the assemblies over a range of k values (21-61, in increments of 10). We 
selected a k value of 61 for all samples, except for Octopus (for which we used 31). 
As for the 454 assemblies, we selected a single splice variant (transcript in Oases 
terminology) for each gene (locus in Oases terminology). To accomplish this, we 
developed a procedure whereby we chose transcripts that were at least 150 nucleo- 
tides, had a length of at least 85% of the longest transcript for the gene and had the 
highest read coverage. We ignored loci that had more than 50 transcripts, as these 
often appeared to be the result of misassembly. 

Assembled data were compared to NCBI’s nr protein database with BLASTX, 
with an e cutoff of 0.00001. Large data sets were compared to a reduced nr database 
by masking nr sequences from taxa that do not belong to the clade designated 
by NCBI Taxon ID 33154 (Fungi/Metazoa group). Nucleotide sequences were 


translated with a version of the prot4EST (version 2.3)** pipeline that had been 
modified to run without user intervention, using these BLASTX results. 
Orthology assignment. The orthology assessment for data set assemblies fol- 
lowed one described previously’®. All-by-all comparisons were conducted with 
BLASTP as in ref. 17. Clustering analyses were conducted on these results by using 
MCL*. At the suggestion of recent analyses*’, we excluded edges with —logy9 
BLASTP e values lower than 20, to reduce spurious cluster connections. We 
examined cluster composition with inflation parameters between 1.1 and 6 and 
found that the final cluster composition was not particularly sensitive to different 
inflation values in this range. We selected an inflation value of 2.1. Clusters with at 
least four taxa and at least one ingroup taxon were aligned by using MAFFT** and 
trimmed with Gblocks*’, and maximum likelihood analyses were conducted with 
RAxML”. The assessment of these phylogenies was conducted as in ref. 16. 
Monophyly masking was conducted to reduce the number of monophyletic 
sequences from the same taxon to one sequence. The resultant phylogenies were 
then analysed by an iterative paralogy pruning procedure, by which maximally 
inclusive subtrees with no more than one sequence per taxon were pruned and 
retained. FASTA-formatted files were generated from subtrees that were produced 
by the paralogy pruning procedure. These files were then aligned with MAFFT, 
trimmed with Gblocks, filtered (alignments with fewer than 150 sites were 
excluded) and concatenated into the final matrices. 

Phylogenetic analyses. We constructed two phylogenetic matrices from the trans- 
lated sequences. The ‘small’ matrix consists of 301 genes that are present in at least 
20 taxa. It has 50% gene occupancy and is 50,930 sites long. The ‘big matrix’ consists 
of 1,185 genes that are present in at least 15 taxa. It has 40% occupancy and 216,402 
sites. Both matrices contain data for all of the 46 species included in the study 

Maximum likelihood analyses were performed for both matrices by using 
RAXML (version 7.2.6)*° with both the Le and Gascuel (LG)*! and WAG” models 
with each gene region partitioned. Likelihood analyses consisted of first conduct- 
ing a bootstrap analysis with 200 replicates, which was followed by a thorough 
maximum likelihood search. 

Bayesian analyses of the small matrix were conducted with MrBayes (version 
3.1.2) and PhyloBayes (version 3.3b)***°. The big matrix was too large to analyse 
with these tools. With MrBayes, we conducted two searches each with two runs 
(four runs and 16 chains total). We allowed MrBayes to estimate the fixed rate 
model of evolution. Each chain was run for 1,000,000 generations, and conver- 
gence was determined with time-series plots and an estimated sample size of tree 
likelihoods of at least 100. Samples recorded before burn-in were removed, and 
post-burn-in samples of the runs were combined. We summarized the posterior 
probabilities of the clades with majority rule consensus trees. 

We conducted analyses of the reduced-outgroup small matrix with PhyloBayes 
(version 3.3b) using the CAT model of evolution*. PhyloBayes misidentified the 
data type of our matrix as DNA, resulting in model misspecification and lack of 
convergence. We conducted the analyses presented here with a modified version 
that was forced to read all matrices as protein sequences. Five PhyloBayes runs 
under the fully parameterized CAT model each converged at around 1,500 cycles 
(at least 86,000 generations) based on time-series plots of the likelihood scores and 
number of partitions. The runs were allowed to run for 5,000 cycles for two runs 
and 2,500 cycles for three runs. The runs estimated 140 (+10) categories for the 
model. We removed pre-burn-in samples and constructed a majority rule con- 
sensus tree using all five runs (Supplementary Fig. 9) 
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Metagenomic analysis of a permafrost microbial 
community reveals a rapid response to thaw 
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Edward M. Rubin”® & Janet K. Jansson** 


Permafrost contains an estimated 1672 Pg carbon (C), an amount 
roughly equivalent to the total currently contained within land 
plants and the atmosphere’*. This reservoir of C is vulnerable to 
decomposition as rising global temperatures cause the permafrost 
to thaw’. During thaw, trapped organic matter may become more 
accessible for microbial degradation and result in greenhouse gas 
emissions**. Despite recent advances in the use of molecular tools 
to study permafrost microbial communities®”’, their response to 
thaw remains unclear. Here we use deep metagenomic sequencing 
to determine the impact of thaw on microbial phylogenetic and 
functional genes, and relate these data to measurements of methane 
emissions. Metagenomics, the direct sequencing of DNA from the 
environment, allows the examination of whole biochemical path- 
ways and associated processes, as opposed to individual pieces of 
the metabolic puzzle. Our metagenome analyses reveal that during 
transition from a frozen to a thawed state there are rapid shifts in 
many microbial, phylogenetic and functional gene abundances and 
pathways. After one week of incubation at 5 °C, permafrost meta- 
genomes converge to be more similar to each other than while they 
are frozen. We find that multiple genes involved in cycling of C and 
nitrogen shift rapidly during thaw. We also construct the first draft 
genome from a complex soil metagenome, which corresponds to a 
novel methanogen. Methane previously accumulated in permafrost 
is released during thaw and subsequently consumed by methano- 
trophic bacteria. Together these data point towards the importance 
of rapid cycling of methane and nitrogen in thawing permafrost. 

We collected three intact frozen permafrost soil cores with their 
overlying seasonally thawed active layers from Hess Creek, Alaska. 
This is a black-spruce forest site containing many metres of frozen 
peat and the C was dated to 1200 yr sp’. Other soil properties and 
microbial respiration rates were previously characterized’®. Frozen 
active layer and permafrost layer samples from each core were thawed 
and incubated for 7 days at 5 °C under a helium headspace. During the 
incubations, CH, (Fig. 1a) and CO, (Supplementary Fig. 1) concen- 
trations were monitored in the headspace and DNA was extracted for 
16S ribosomal RNA (rRNA) and metagenome sequencing. 

There was a burst of CH, from the permafrost within 48h of thaw, 
followed by a significant (P = 0.05) decrease in concentration from day 2 
to day 7 (Fig. la). To determine (1) if methane release was due to post- 
thaw production or from trapped gas, (2) whether the methane was 
consumed by methanotrophs or anaerobic methane oxidizers, and (3) 
the CH, oxidation potential over time, we treated additional samples with 
1500 p.p.m. CH, and 2-bromoethane sulphonic acid (BES) and mea- 
sured CH, levels daily. BES is an inhibitor of archaeal methanogenesis 
and methyl-coenzyme M reductase-dependent anaerobic methane 
oxidation. Rapid release of CH, from samples treated with BES suggested 
that the CH, primarily originated from gas present in the permafrost 
before thaw (Supplementary Fig. 2), as previously reported’. Subsequent 
CH, consumption in both BES- and non-BES-treated samples was 


indicative of CH, oxidation by methanotrophic bacteria (Fig. 1b). 
The oxygen used for methane oxidation presumably originated from 
permafrost water or aerobic microsites in the samples’*. Together these 
data indicate CH, levels are dynamic in thawing permafrost. 

To determine the phylogenetic and functional gene repertoire 
before and after thaw, we performed deep metagenome sequencing 
of samples from two of the three replicate cores (cores 1 and 2). DNA 
was extracted from frozen active layer and permafrost samples and 
from samples thawed at 5°C for 2 and 7 days. This resulted in 12 
samples for metagenome sequencing. 

Owing to low DNA yield we used emulsion PCR (emPCR) to generate 
random shotgun short insert libraries with minimum amplification 
bias'’. Sequencing yielded a total of 176 million reads and 39.8 Gb of 
raw sequence. The individual metagenome reads were annotated by 
comparison with protein-coding and small subunit (SSU) rRNA genes 
(Supplementary Table 1). We achieved relatively good assembly of the 
metagenome data, despite the high microbial diversity of soil. In total we 
obtained 9.7 Mb of sequence in 3,758 contigs greater than 1 kb in length. 
The longest contig was 67.4 kb in length and 98 contigs were greater than 
10 kb. 

A draft genome of a novel methanogen was constructed from the 
metagenome data (Fig. 2), owing to the relatively high abundance of 
methanogens in the samples (0.2-4% of total 16S rRNA gene 
sequences) and its low population heterogeneity. To generate the draft 
genome, contigs were binned by tetranucleotide frequency and read 
coverage. The draft genome comprised 1.9 Mb of sequence in 174 
contigs. To confirm that the clustered contigs represented a draft 
genome, we validated the assembly through single-copy gene analysis 
(Supplementary Table 2) and by alignment of the draft genome to a 
related reference genome (Supplementary Fig. 3). This is the first 
example of successful assembly of a draft genome from a highly com- 
plex soil metagenome. The nearest sequenced relative was the recently 
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Figure 1 | Bacterial oxidation of trapped CH, released from Hess Creek 
permafrost after thaw. a, CH, headspace concentration during incubation of 
permafrost and active layer samples at 5 °C for 2 and 7 days. Values are 
means + s.e.m. b, CH, headspace concentrations during 7 days incubation at 
5°C from permafrost samples without BES and with BES. Values are 
normalized to CH, concentrations after the initial release of CH, during thaw 
(day 1). *P = 0.05 (n = 3). 
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Figure 2 | Draft methanogen genome assembly. Draft methanogen genome. 
Features correspond to concentric circles, starting with the outermost circle. (1) 
Illumina sequence coverage averaging 73 X. (2) One hundred and seventy-four 
contigs making up the draft genome; contigs shown are scaled according to size 
and are roughly ordered by mapping to the reference genome (65% identity at 
the nucleotide level). (3) GC content heat map (dark blue to light green 
represent low to high values). (4) Methanogenesis genes (orange) and nitrogen 
fixation genes (blue). The true size of the genome is not known owing to gaps 
between the contigs. 


described Methanocellales'’ order at a nucleotide identity level of 
approximately 65% (Fig. 2). Single-copy gene analysis demonstrated 
it was related to members of Methanomicrobia (Supplementary Fig. 4). 
The abundance of this novel methanogen correlates with the observed 
CH, in the samples and suggests that it may be an important player in 
CH, production under frozen conditions. It has previously been 
reported that trapped CH, in permafrost is biological in origin and 
that methanogenesis can occur at sub-zero temperatures''. The draft 
genome also included genes for nitrogen fixation. Although nitrogen- 
fixing methanogens have been previously described’®, this draft 
genome is the first indication that they are present in permafrost. 

The metagenome data revealed core-specific shifts in some 
community members (Fig. 3a), including the orders Proteobacteria, 
Bacteriodetes and Firmicutes. We found that Actinobacteria increased 
in both cores during thaw (Supplementary Fig. 5). Actinobacteria have 
previously been found at high abundance in permafrost’, which is 
thought to be caused by their maintenance of metabolic activity and 
DNA repair mechanisms at low temperatures'’. Most archaeal 
sequences identified in the metagenomic data were methanogens in 
the phylum Euryarchaeota (62-95%), including the Methanomicrobia 
that was represented in our draft genome. In total, four orders of metha- 
nogens (Methanosarcinales, Methanomicrobiales, Methanomicrobia 
and Methanobacterales) were detected. As the permafrost thawed, the 
methanogens (including Methanomicrobia) increased in relative 
abundance (Supplementary Fig. 6). These orders are known to be meta- 
bolically versatile and can use a variety of substrates’®. 

18S rRNA gene sequences from land plants (Streptophyta) were the 
most abundant eukaryotic reads in the metagenome data, probably 
originating from undecomposed detritus. 185 rRNA gene sequences 
also originated from fungi, protists, ameobae, algae and other eukaryotic 
phyla (Supplementary Fig. 7.) Few consistent changes in the Eukarya 
were observed after thaw, although the Streptophyta decreased in core 2, 
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Figure 3 | Thaw-induced shifts of phylogenetic and functional genes in 
metagenomes. a, nMDS analysis of the relative abundance of 16S rRNA genes 
from the metagenomes. b, Principal component analysis of relative abundance 
of KEGG genes in metagenomes. The percentage variation explained by the 
principal components is indicated on the axes. Arrows illustrate rapid shift in 
functional gene composition upon thaw in two disparate permafrost samples. 
c-f, Heat maps indicating differences in relative abundances of specific genes 
between frozen (day 0) and thawed (day 7) permafrost metagenomes (Hess 
Creek cores 1 and 2). c, Nitrogen cycle; d, central metabolism; e, cellulose 
degradation; f, chitin degradation, sugar metabolism and transport. 


presumably owing to microbial degradation of plant material (Sup- 
plementary Fig. 7). 

A greater phylogenetic distance was observed between frozen and 
day 2 samples than between day 2 and day 7 samples (Supplementary 
Fig. 8), based on 454 pyrotag sequencing of 16S rRNA genes, suggest- 
ing that the community composition shifted rapidly upon thaw. The 
difference was more pronounced in the permafrost than in the active 
layer. Operational taxonomic units changing significantly (P < 0.05) 
in abundance during thaw were largely from uncultivated taxa 
(Supplementary Fig. 9 and Supplementary Table 3). 

We used quantitative PCR (qPCR) to measure the absolute 
abundances of specific phyla before and after thaw. The qPCR results 
confirmed that there was a significant increase in Actinobacteria in 
both cores after thaw, Bacteriodetes changed in a core-dependent 
manner, and no significant changes were observed in Chloroflexi 
(Supplementary Fig. 10). 

Our observation that methane was consumed after thaw (Fig. 1) 
was correlated to detection of sequences representative of bacterial 
methanotrophs in relatively high amounts (approximately 0.25- 
0.65% relative abundance). Two forms of methane monooxygenases 
were detected: particulate methane monooxygenase (pmoA) repre- 
sented most (~80%) and the rest were soluble methane monooxygenase 
(mmoX). The metagenomic results were confirmed by qPCR of pmoA, 
mcrA (encoding the methyl coenzyme-M reductase alpha subunit) and 
16S rRNA genes from type I and type II methanotrophs. Both the pmoA 
gene and type II methanotrophs significantly increased in abundance 
after thaw (P< 0.01). Although type I methanotrophs were detectable 
at low levels (fewer than 100 copies per nanogram), they did not differ in 
abundance between the frozen and thawed samples. McrA sequences 
from methanogenic archaea were detected but did not change signifi- 
cantly during thaw (Supplementary Fig. 11). McrA and 16S sequences 
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originating from anaerobic methane oxidizers were not detected. 
Collectively, these data and our BES incubation experiments (Fig. 1b) 
suggest that bacterial type II methanotrophs and the particulate meth- 
ane monooxygenase enzyme were involved in consumption of methane 
released during permafrost thaw. 

We tracked simultaneous shifts in the total gene complement from 
the metagenome data to obtain a global view of functional response to 
thaw. The active layer samples were relatively similar before and after 
thaw. By contrast, the two frozen permafrost metagenomes differed 
dramatically before thaw (Fig. 3b). In addition, functional genes in 
frozen active layer and permafrost samples were distinct from each 
other, including differences in several key metabolic pathways such as 
energy metabolism, nitrogen fixation, amino-acid transport, oxidative 
phosphorylation and anaerobic respiration (Supplementary Fig. 12). 
During thaw, the permafrost metagenomes rapidly converged and 
neared those in the active layer samples (Fig. 3b). The convergence 
of function was not matched by a convergence of phylogenetic com- 
position during this short-term incubation (Fig. 3a), suggesting that 
disparate community responses to thaw can have similar functional 
consequences. 

The high sequencing depth used provided the sensitivity necessary 
to characterize subtle changes in the abundance of thousands of genes 
that had a cumulative significant affect, as confirmed by multiple 
statistical analyses (Supplementary Figs 13-15 and Supplementary 
Table 4). We specifically targeted genes involved in C and N cycling 
by grouping Kyoto Encyclopedia of Gene and Genomes (KEGG) genes 
into subsets (Fig. 3c-f). Several genes involved in the N cycle shifted in 
abundance during thaw (Fig. 3c). For example, nitrate reductase I 
genes significantly increased, suggesting nitrate was available as a ter- 
minal electron acceptor, which was confirmed by its presence in the 
chemical data’®. Ammonification and denitrification genes increased 
during thaw in both cores. However, core 1 did not show an increase in 
the nosZ gene, responsible for converting NO to No, suggesting that it 
had potential for N,O greenhouse gas emission during thaw. By 
contrast, several genes in the nitrogen fixation pathway decreased 
during thaw in both cores. Changes in the N cycle observed in the 


Atmosphere 


metagenomic data were confirmed by qPCR of specific genes for 
nitrate reduction (narG, encoding nitrate reductase I, alpha subunit) 
and nitrogen fixation (nifH, encoding the nitrogenase iron protein), 
which increased and decreased in abundance after thaw, respectively 
(Supplementary Fig. 16). 

The metagenomic strategy also allowed us to identify changes in a 
diverse set of C cycle genes not easily accessed by other approaches 
such as qPCR or analysis of enzymatic activities. These included genes 
involved in central metabolism that increased during thaw (Fig. 3d). 
Genes involved in the transport and metabolism of specific carbo- 
hydrates were also enriched after thaw, but these changes were mainly 
core specific. For example, in core 2, we observed significant increases 
(P<0.01) in the cellobiose transport system and a corresponding 
increase in cellulose degradation and hemicellulose degradation 
(Fig. 3f). Chitin degradation genes and some sugar transport systems 
were specifically enriched in core 1 (Fig. 3g) (see Supplementary Table 5 
for a complete list). It is important to keep in mind that decreases in 
relative abundance may also be due to growth of other community 
members lacking those particular genes. These data reflect a rapid 
response of specific members of the microbial community in per- 
mafrost to thaw, probably owing to the availability of particular sub- 
strates that become accessible. Although the cores were taken from the 
same site within metres of each other and would presumably have 
similar chemical and physical properties, there were subtle differences 
between the genetic responses to thaw in the replicate cores. For 
example, we observed a higher level of dissolved organic carbon and 
higher C density in core 2 (Supplementary Table 6) that is correlated 
with the core-2-specific enrichment of C processing genes during thaw. 
These findings emphasize the importance of replication, even for com- 
plex soil metagenomes. 

In summary, these detailed analyses reveal for the first time the 
rapid and dynamic response of permafrost microbial communities 
to thaw. The thaw-induced shifts that we detected directly support 
conceptual models of C and N cycling in Arctic soils (Fig. 4), in which 
microbes play a central role in greenhouse gas emissions and destabi- 
lization of stored permafrost C. 


Active layer 


N-assimilation 


Permafrost layer 


Denitrification 


Figure 4 | Conceptual model of C and N cycling in Arctic soils based on 
metagenome data. Slow rates of methanogenesis by cold-adapted 
methanogens occur in permafrost and active layer soils. Over time, methane 
accumulates in the permafrost and is initially consumed by bacterial 
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Ey 


Methanogenesis 
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oxidation 


methanotrophs upon thaw. In the permafrost, N, fixation genes are abundant. 
As the permafrost thaws, microbial degradation of organic C occurs rapidly and 
other nitrogen sources become available with an increase in dissimilatory and 
assimilatory nitrate reduction processes. 
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METHODS SUMMARY 


Triplicate frozen permafrost cores were collected from Hess Creek, Alaska, to a depth 
of 1 m. Active layer (approximately 35cm depth) and permafrost (approximately 85 
cm depth) samples were cut from the frozen cores using a band saw in a —20 °C cold 
room. Approximately 10 g of frozen soil were incubated at 5 °C for one week under a 
helium headspace. CH, and CO, concentrations were measured on days 2 and 7 of 
incubation. In separate experiments, CH, oxidation was measured in permafrost 
samples incubated with 2-bromoethane sulphonic acid and CH, (1500 p.p.m.). CHy 
was subsequently measured in the headspace every 24h for 7 days. 

Shotgun metagenomic sequencing was conducted on DNA extracted from two 
replicate cores (active layer and permafrost) while frozen and after 2 and 7 days of 
incubation. Because the DNA yield was too low to prepare standard sequencing 
libraries, we used emPCR’*””, for amplification before sequencing. This method 
escapes biases common in other amplification methods. The DNA was sequenced 
using the Illumina GAII platform with 2 x 113-base-pair (bp) cycles. Metagenomic 
reads were annotated by comparison with the KEGG genes database” using 
BLASTX”! (E < 1 X 10°) and with the Greengenes” and SILVA” databases using 
BLASTN” (EX1X 10 7°). For assembly, raw reads from all samples were com- 
bined. After quality filtering and de-replication, k-mers (32-mers) with a depth less 
than two were removed from the data set'*. The filtered reads were then assembled 
using Velvet**. Approximately ten assemblies were generated, and the one generat- 
ing the longest contigs was chosen for further analysis. Contigs were annotated 
through the Integrated Microbial Genomes & Metagenomics (IMG/M) system”. 
To group contigs into a draft genome, large contigs (greater than 15 kb in length) 
were clustered based on tetranucleotide frequency and coverage. The largest bin was 
grown by the recruitment of smaller contigs to the large cluster’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Soil sampling. We obtained soil cores from a site in Interior Alaska that represents 
a C-rich form of permafrost. This site is a lowland soil near Hess Creek, north of 
Fairbanks, Alaska, and south of the Yukon River off the Dawson Highway (65° 40’ 
12.84"' N, 149° 04’ 36.24’’ W). The Hess Creek soil contains large quantities of 
organic matter in both the active layer and permafrost depths’. The ambient 
temperature of the soil was approximately —2 °C. Both sites have an overstory 
of black spruce (Picea mariana). 

Soil cores were collected in March 2007 to a depth of 1 m while the soils were still 
frozen to the surface. The permafrost table began at 63 cm depth. Observed vari- 
ability of active layer thickness is generally low in Central Alaska. Taking into 
account that the present-day conditions are among the warmest during the past 
2000-3000 years, it is unlikely that thawing reached the sampled permafrost 
depths (V. Romanovsky, personal communication). We collected three replicate 
cores within an approximately 100 m” area. In the field, cores were scraped free of 
surface organic matter contaminants that froze to the core during the drilling 
process, wrapped in aluminium foil, placed into 4-inch diameter PVC tubes and 
capped. Cores were taken to the Cold Regions Research and Engineering 
Laboratory at Fort Wainwright Army Base in Fairbanks, Alaska. In a large 
—20 °C cold room, cores were again scraped of surface organic matter with sterile 
blades and cut into segments using a band saw. We selected sub-samples for 
sequencing according to depth: active layer (Core 1: 25-35cm; core 2: 20- 
30 cm; core 3: 20-30 cm) and permafrost horizon (core 1: 75-85 cm; core 2: 75— 
100 cm; core 3: 85 cm-95 cm). Metadata collection and physical and chemical data 
for these samples are described elsewhere’’. Briefly, these data showed that 
nutrients and labile C fractions were available to support microbial growth. 
Incubation experiments. Frozen soil cores were cut using a band saw to excise 
experimental soil aliquots. Ice lens features and historical measurements at the 
sites indicate that the permafrost surface was at approximately 50-60 cm. 
Approximately 10g of intact frozen soil were added to autoclaved glass jars 
(237.5 ml). The jars were sealed with septa fitted tops and were flushed with high 
purity He at 15p.s.i. for 45s and were then incubated at 5 °C in the dark. Ten 
millilitres of headspace were taken from the jars immediately after the soil was 
added and after 2 and 7 days incubation during which the soil thawed. The gas 
samples were injected into helium-cleared gas vials for methane measurements by 
gas chromatography-flame ionization detector. CO, concentrations in the head- 
space gas were measured at time zero, immediately after being placed in the cold 
room, and on days 2 and 7 using 2-ml syringe injections of headspace gas into an 
infrared gas analyser. All measurements were performed in triplicate. 

For the CH, oxidation experiments, 5 g of soil was added to autoclaved glass jars 
(120 ml). Bromoethanesulphonate (BES) (190 mM) was added to a subset of the 
samples to a final concentration of 10 mM. An equivalent volume of sterile HyO 
was added to non-BES incubations. The jars were sealed with septa fitted tops and 
flushed with helium at for 45s. Methane was added to all samples with a final 
average concentration of 1500 p.p.m. and they were incubated at 5 °C in the dark. 
Headspace CH, was measured every 24h for 7 days by gas chromatography-flame 
ionization detector. All treatments were incubated in triplicate. 

DNA extraction. Three DNA extractions per sample were conducted according to 
a modified bead-beading protocol”***. Approximately 0.5 g of soil was added to 
2.0-ml tubes containing 1.4-mm ceramic spheres, 0.1-mm silica spheres, and one 
4-mm glass bead (MP Biomedicals). Hexadecyltrimethylammonium bromide 
(CTAB) extraction buffer containing 10% CTAB in 1 M NaCl, 0.1 M ammonium 
sulphate and 0.5 ml phenol:chloroform:isoamylalcohol (25:24:1) was added and 
shaken in a FastPrep Instrument (MP Biomedicals) at 5.5ms | for 30s. After 
bead beating, the samples were extracted with chloroform and precipitated in a 
PEG 6000/1.6 M NaCl solution. Pellets were washed with 70% ethanol and re- 
suspended in molecular biology grade water. The three extractions were combined 
at this step and purified using an AllPrep DNA/RNA kit (Qiagen). Extracts were 
quantified using Quant-iT dsDNA HS assay kit (Invitrogen) according to the 
manufacturer’s manual. 

16S rRNA gene sequencing and analysis. Each sample was amplified with the 
primer pair 926f/1392r as described in Kunin et al.”. The reverse primer included 
a 5-bp barcode for sample multiplexing during sequencing. After PCR, samples 
were purified using a MiniElute PCR purfication kit (Qiagen) and quantified using 
the Agilent Labchip System. Samples were then pooled at equal concentrations. 
Sequencing of the amplicons was performed using Roche 454 GS FLX according to 
the manufacturer’s instructions. 

Sequences were analysed using the software tool PyroTagger®’. Sequences that 
were less than 220 bp in length and those with greater than 3% low quality bases 
(quality score less than 27) were removed. Unique sequences were clustered at 
97% identity using the Uclust option*’. Cluster representatives were classified 
using Greengenes”. The phylogeny of cluster representatives was inferred using 
an approximate maximum likelihood method designed for large alignments as 


implemented by the software FastTree”’. The weighted UniFrac metric*’ was used 
to quantify differences in community composition. Statistical tests for differentially 
abundant operational taxonomic units were made using the Metastats methodology 
with 1,000 permutations to compute non-parametric P values. 

Emulsion PCR paired-end library generation. Starting material for library 
generation ranged from 1 to 10ng depending on the total amount of DNA 
obtained from the extractions. The DNA was sheared to 300-500 bp in 100-l 
round-bottom glass tubes on a Covaris-S instrument (Covaris). Ends were 
repaired using the End-It DNA Repair Kit (EPICENTRE Biotechnologies) accord- 
ing to the manufacturer’s instructions. End-repaired DNA was purified using 
phenol:chloroform:isoamylalcohol (25:24:1), precipitated in ethanol and resus- 
pended molecular biology grade water. 

Illumina paired-end linkers were ligated to the end-repaired DNA by adding 
1 pl PEG, 1 pl 10X ligation buffer, 1 pl T4 DNA ligase (5 U pl’) (Fermentas), 
20 uM each of the Illumina paired-end adapters, and incubated at 22 °C for 1h. 
DNA was purified using a MiniElute Reaction Cleanup kit (Qiagen). 

Standard library creation protocols were not used owing to low DNA yield (only 
a few nanograms per sample). Therefore, Illumina paired-end libraries were made 
by linker-mediated emPCR amplification as described previously'*'’. This method 
theoretically escapes bias common in other methods, such as multiple displace- 
ment amplification, by isolating DNA molecules in aqueous droplets’. Briefly, a 
PCR mix was created using the linker-ligated DNA, 10x PfU PCR buffer, BSA, 
dNTPs, primers, water and Pfu Turbo DNA polymerase (Stratagene). Fifty micro- 
litres were reserved as a non-emulsion control and the rest was added dropwise to 
400 pl of an oil-surfactant mixture. The resulting emulsion was subjected to 40 
PCR cycles. The emulsion was broken by addition of diethyl ether and DNA was 
recovered using chloroform and subsequently by using a MiniElute PCR 
Purification kit. Products were run on a 2% low melt agarose gel and 250- to 
500-bp-sized products were cut from the gel and purified using a MiniElute Gel 
Extraction Kit (Qiagen). Libraries were quantified on a Bioanalyser DNA 1000 
chip (Agilent). Sequencing was performed according to the manufacturer’s 
instructions (Illumina). The flow cell was sequenced using Illumina GAII techno- 
logy generating 2 < 113-bp paired end reads with an average insert size of approxi- 
mately 300 bp. 

Annotation of metagenomic sequence reads. Metagenomic reads were anno- 
tated through comparison with the KEGG database” using BLASTX”’ at an E 
value cutoff of 1 X 10°. The relative abundance of each gene was determined by 
taking the number of hits to that gene in a given sample and dividing by the total 
number of hits to the KEGG gene databases. Small subunit ribosomal RNA gene 
sequences in the metagenome were identified through BLASTN” by comparison 
with the Greengenes database” (16S) and the Silva database”’ (18S) at an E value 
cutoff of 1X 107°. Methane monooxygenase (mmo) genes were identified 
through additional comparisons to all known mmo genes in the NCBI nt and nr 
non-redundant databases (BLASTX, E value cutoff 1 X 10 °). Each putative mmo 
read was checked against the entire KEGG genes database and was discarded if it 
matched another gene with a higher bit score. 

Statistical analyses. Ordination based on the relative abundance of KEGG genes 
was performed using principal component analysis. Identification of individual 
genes differing in relative abundance between the frozen active and permafrost 
layer samples was conducted using a binomial test implemented in the R package*’ 
ShotgunFunctionalizerR**. Genes were considered enriched in a given layer if the 
relative abundance was significantly different between layers from both cores. P 
values were corrected for multiple tests using the Benjamini-Hochberg correction 
factor”. 

For comparisons between the pyrotag and metagenome data, phylogenetic 
information was extracted from the metagenomes using MEGAN™. Hits corres- 
ponding to specific taxa were retained if their bit scores were within 10% of the best 
bit score, and if the minimum score was 35 as suggested for short reads. 
Additionally, singleton hits were excluded from the analysis. For analysis of 
pyrotag data compared with the metagenomic data, a subset of the data was made 
of only the samples whose metagenome were also sequenced (n = 12). Based on 
this subset, any taxa (cluster) was excluded that was only represented once, as was 
the case for the metagenome data set. These analyses were performed in R*. 
Ordination of taxonomic community data was performed using the ordination 
method non-metric multi-dimensional scaling with a Bray-Curtis distance mea- 
sure. Where appropriate, P values were corrected for multiple tests using the 
Benjamini-Hochberg correction factor. Non-parametric analysis of variance 
based on dissimilarities was performed using adonis function in the vegan package 
of R*’. Hierarchical clustering was performed using the R package pvclust*°, with 
10,000 bootstrap replications. 

Response of C and N cycle genes to thaw. To determine the change in genes 
relevant to C and N after thaw, we selected a subset of KEGG genes based on C and 
N cycle pathways. Difference in abundance was determined by comparing the 
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relative abundance at the frozen and day 7 time points and calculating the log,-fold 
change. 

Metagenome assembly and annotation. All sequence data were combined, 
screened and trimmed using a k-mer-based filtering approach. k-mers with a 
depth less than two were removed as described previously'* because they are 
not expected to contribute to the assembly and because the reduction reduces 
memory requirements for subsequent assembly steps. Filtered sequences were 
assembled by Velvet” from all reads using a k-mer length of 51, insertion length 
of 300 bp and an expected coverage of 100. Coverage was calculated by mapping all 
reads back to the contigs using BWA at default parameters*’. The assembly used 
approximately 5% of de-replicated reads. All contigs were submitted to the US 
Department of Energy Joint Genome Institute IMG/M system (http://img jgi.doe. 
gov/cgi-bin/m/main.cgi)** for gene calling and functional annotation. 

BLASTN searches of all contigs were performed against the NCBI-nt non- 
redundant database. Assignment to phylogenetic groups at the level of class by 
was done using MEGAN” at default parameters. By this measure, approximately 
80% of the large contigs (greater than 10 kb in length) originated from methano- 
genic taxa. Therefore, we focused our further assembly efforts on methanogens. 
Larger contigs were clustered by genome based on tetranucleotide frequencies and 
coverage, two properties expected to be present in contigs derived from the same 
genome”. Briefly, hierarchical agglomerative clustering using Euclidean distance 
(maximum distance: 0.13) was performed on all contigs greater than 15 kb in 
length. The largest cluster was manually inspected and contigs with a coverage 
that differed from the mean by more than one standard deviation were removed. 
The largest bin was grown by recruiting the remaining contigs (less than 15 kb) 
where the tetranucleotide frequency distance was less than 0.18. Coverage cutoff 
was set at one standard deviation from the mean. 

For the single-copy gene analysis, we selected 19 protein-encoding genes (rpl1p, 
rpl2p, rpl3p, rpl4lp, rpl5p, rpl6p, rpl11p, rpl13, rpl14p, rpl19e, rps2p, rpsSp, rps9p, 
rps10p, rps11p, rps13p, dnaG, pyrG, nusA) that were identified previously by Wu 
and Eisen” to be universally distributed in bacteria, exist as single-copy genes and are 
recalcitrant to lateral gene transfer. Because the study of Wu and Eisen focused on 
bacteria, we further confirmed that the selected genes exist unambiguously as single- 
copy genes in all methanogens with a sequenced genome. The occurrence of each 
gene in the draft genome was determined from the IMG/M functional annotations. 

For phylogenetic analysis, we selected a subset of the 19 single-copy genes 
(rpllp, rpl2p, rpl3p,rpl5p, rpl6p, rpl19e, rps11p). These genes were extracted from 
the draft genome and downloaded from 15 methanogen genomes (NCBI acces- 
sion numbers NC_009712, NC_003551, NC_000916, NC_013790, NC_007681, 
NC_014658, NC_000909, NC_014002, NC_007955, NC_009464, NC_014570, 
NC_009051, NC_008942, NC_007796), selected to represent the diversity of 
known methanogens. DNA sequences were concatenated and then aligned using 
MUSCLE”. Low confidence parts of the alignments were trimmed using gblocks 
at default settings’. A phylogenetic tree comparing the draft genome with other 
methanogen genomes was inferred using FastTree*. 

For further validation of the draft genome, we selected a related reference 
genome determined by phylogentic analysis of the single-copy genes. The draft 
genome was compared with its sequenced relative (NC_009464) using BLASTN 
with an E value cutoff of 1 X 10° and the penalty for a nucleotide mismatch set at 
—1.A given base in the reference genome was considered covered if it was part of 
the alignment. The number of times each base in the reference genome was 
covered by draft genome was counted. To determine the number of times any 
given base is expected to be covered when comparing two finished genomes, the 
same analysis was conducted comparing NC_009464 with two genomes 
(NC_007955 and NC_014002) that were found to be approximately as distant 
to the reference genome as the draft genome. 
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Quantitative PCR. We used qPCR to quantify the abundances of mcrA, nifH, 
narG, pmoA functional genes, and the 16S rRNA genes of type I and type II 
methanotrophs. Experiments were performed on unamplified DNA samples in 
25 il volumes. The PCR conditions and primers are given in Supplementary Table 
7. We used the QuantiTect SYBR Green PCR kit (Qiagen). All PCRs were run on 
an iCycler machine (Bio-Rad Laboratories). Reactions consisted of 2 11 of template 
DNA (diluted to 2ngpl~') and 1 pl each of the forward and reverse primers 
(10 1M). Standards were created by amplifying the gene fragment of interest from 
a reference genome (in the case of mcrA, nifH, narG and the 16S rRNA gene 
sequences) or by synthesis of the positive control (in the case of pmoA) as 
described previously**. PCR products resulting from the amplification were cloned 
using a Zero Blunt TOPO TA cloning kit and One Shot TOP 10 chemically 
competent cells (Invitrogen). 
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of PTEN and SOCS3 
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A formidable challenge in neural repair in the adult central 
nervous system (CNS) is the long distances that regenerating axons 
often need to travel in order to reconnect with their targets. Thus, a 
sustained capacity for axon regeneration is critical for achieving 
functional restoration. Although deletion of either phosphatase 
and tensin homologue (PTEN), a negative regulator of mammalian 
target of rapamycin (mTOR), or suppressor of cytokine signalling 
3 (SOCS3), a negative regulator of Janus kinase/signal transducers 
and activators of transcription (JAK/STAT) pathway, in adult 
retinal ganglion cells (RGCs) individually promoted significant 
optic nerve regeneration, such regrowth tapered off around 
2 weeks after the crush injury’’. Here we show that, remarkably, 
simultaneous deletion of both PTEN and SOCS3 enables robust 
and sustained axon regeneration. We further show that PTEN and 
SOCS3 regulate two independent pathways that act synergistically 
to promote enhanced axon regeneration. Gene expression analyses 
suggest that double deletion not only results in the induction of 
many growth-related genes, but also allows RGCs to maintain 
the expression of a repertoire of genes at the physiological level 
after injury. Our results reveal concurrent activation of mTOR 
and STAT3 pathways as key for sustaining long-distance 
axon regeneration in adult CNS, a crucial step towards functional 
recovery. 

During development axons reach their targets first through de novo 
outgrowth in embryos, followed by ‘networked growth’ in which axons 
elongate with termini tethered to their targets. As animals increase in 
body size during postnatal and adolescent stages, the distance resulted 
from the ‘networked growth’ could be much longer than that travelled 
by the initial de novo growth. After injury in the adult CNS, regenerat- 
ing axons need to carry out de novo growth over relatively vast dis- 
tances to reach their targets. Thus, the robustness of axon regeneration, 
in terms of both speed and duration of axon regrowth, is critical for 
making functional reconnections in adulthood. Approaches that have 
been shown to promote axon regeneration in the adult CNS include 
reducing extracellular inhibitory activity and increasing intrinsic 
growth ability’°. However, the extents of axon regeneration observed 
in these studies are still limited. For example, our previous studies 
demonstrated that the injured optic nerve could undergo significant 
axon regeneration after conditional deletion of PTEN or SOCS3 in 
adult RGCs, but the regrowth only occurred during the first 2 weeks 
after injury, and then subsided afterwards'”. 

To identify a strategy for promoting sustained robust axon regenera- 
tion, we assessed the effects of deleting both PTEN and SOCS3 in adult 
RGCs on optic nerve regeneration. Adeno-associated viruses (AAV)- 
Cre (AAV-GFP (green fluorescent protein) as a control) were injected 
into the vitreous body of PTEN°, or SOCS3/"!, or PTEN"//SOCS34 
mice to delete the floxed genes 2 weeks before optic nerve injury. In 
addition, ciliary neurotrophic factor (CNTF) was applied intravitreously 


to the SOCS3 or PTEN“/SOCS3 mice, as this enhances axon 
regeneration induced by SOCS3 deletion’. 

At 2 weeks after injury, we observed a significant increase in axon 
regeneration in the double knockout group (Supplementary Fig. 1a, b). 
The synergistic effects of the double deletion became even more dramatic 
at 4 weeks after injury (Fig. 1). At 2 mm distal to the lesion site, deletion of 
both genes resulted in more than tenfold increase in the number of 
regenerating axons compared with deletion of either gene alone 
(Fig. la, b, d). In the double mutants, more than 20% of the regenerating 
axons reached the region proximal to the optic chiasm (Fig. Ic, d). 
Among the regenerating axons passing the chiasm, some crossed the 
midline and projected to the contralateral side, while others remained 
ipsilateral. Occasionally, a few axons could be seen projecting into the 
opposite uninjured optic nerve (Fig. 1c). Interestingly, several regenerat- 
ing axons could grow even further, reaching the optic-tract brain entry 
zone and in the hypothalamus, the suprachiasmatic nuclei area (Sup- 
plementary Fig. 2). 

Compared with wild-type animals, all three mutant groups showed 
significantly increased RGC survival after injury. At 2 weeks after 
injury, the survival was comparable among the three mutant groups 
(Supplementary Fig. 1c). At 4 weeks after injury, however, the number 
of surviving RGCs declined in the PTEN or SOCS3 single mutants, 
whereas the survival rate was maintained in the double mutants 
(Fig. le). 

To mimic a clinically relevant situation, we examined whether a 
delayed deletion of PTEN and/or SOCS3 still promoted sustained optic 
nerve regeneration. Thus, we performed intravitreal AAV-Cre injec- 
tion immediately after optic nerve injury (Fig. 2). It takes at least 3-6 
days for Cre-dependent reporter expression to be observed (Sup- 
plementary Fig. 3a). We thus examined RGC survival and axon re- 
generation 3 weeks after injury in these animals. Despite similar sur- 
vivals in all groups (Supplementary Fig. 3b, c), double and single 
mutants showed significant differences in the extents of axon re- 
generation (Fig. 2). At 2mm distal to the lesion site, up to 20-fold 
more regenerating axons were seen in double mutants, compared with 
individual single mutants. Thus, adult RGCs with concomitant dele- 
tion of PTEN and SOCS3 can activate a program for sustained de novo 
axon growth after injury. 

We next examined what mechanism(s) contribute to the synergy 
produced by concurrent deletion of PTEN and SOCS3. Although 
mTOR activation is likely to be a major mediator of PTEN deletion’, 
the regeneration phenotype of SOCS3 deletion is dependent on gp130, 
a shared receptor component for cytokines’*'’. However, multiple 
downstream effectors have been implicated in cytokines—gp130 sig- 
nalling'*"’*. Because of a suggested relevance to axon regeneration'*"*, 
we tested the specific involvement of the transcription factor STAT3, a 
major target of the JAK/STAT pathway’’. Upon phosphorylation- 
mediated activation, STAT3 accumulates in the nucleus to initiate 
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Figure 1 | Synergistic effects of double deletion of PTEN and SOCS3 on 
axon regeneration observed at 4 weeks after injury. a, Images of the optic 
nerve sections showing CTB-labelled axons in AAV-Cre-injected SOCS3” with 
CNTF (SOCS3~/~), PTEN”! (PTEN ~~) or PTEN”/SOCS3/ with CNTE 
(PTEN / ~/SOCS3~‘~) mice. Asterisks, lesion sites. b, High-magnification 
images of the boxed area in a, which is about 1.5-2.0 mm from the lesion sites. 
c, Regenerating axons at the optic chiasm. d, Estimated numbers of 
regenerating axons. There was a significant difference between the PTEN ‘ / 
SOCS3/— group and others. *P < 0.001, ANOVA, Bonferroni’s post-hoc test. 
e, Percentages of TUJ1-positive RGCs in each group compared with that in the 
intact retinas. *P < 0.001, ANOVA, Tukey’s post-hoc test. N = 7-8 per group. 
Error bars, s.d. Scale bars, 200 ttm. 


transcription”. By immunostaining with anti-phospho-STAT3, we 
found that phospho-STAT3 expression was rarely detectable in intact 
RGCs. In wild-type mice, optic nerve injury increased phospho- 
STATS levels in RGCs, but such signals were mainly localized in the 
cytosol (Fig. 3a, b). In contrast, phospho-STAT3 was evident in the 
nuclei of axotomized RGCs with both SOCS3 single and SOCS3/PTEN 
double mutants (Fig. 3a, b), suggesting the activation of STAT3 under 
these conditions. 

We then evaluated the contribution of STAT3 to the axon regenera- 
tion induced by SOCS3 deletion and CNTF administration. Deletion of 
STAT3 had no significant effects on RGC survival (Supplementary 
Fig. 4) and axon regeneration (Fig. 3c). However, double deletion of 
STAT3 and SOCS3 abolished injury-induced phospho-STAT3 signal 
(Fig. 3a, b), RGC survival (Supplementary Fig. 4) and axon regenera- 
tion (Fig. 3c, d) seen in SOCS3 single mutants, suggesting that STATS is 
a critical mediator of SOCS3 regulated axon regeneration and RGC 
survival. 

We next examined possible interactions of the PTEN- and SOCS3- 
regulated pathways on optic nerve regeneration. Similar to wild type, 
phospho-STAT3 expression in PTEN-deleted RGCs after injury was 
rarely detectable (Supplementary Fig. 5), arguing against STAT3 
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Figure 2 | Synergistic effects of double deletion of PTEN and SOCS3 on 
optic nerve regeneration in a delayed treatment paradigm. a, Scheme of the 
experiment. b, Images of the optic nerve sections showing CTB-labelled axons 
in AAV-Cre-injected SOCS3” with CNTF (SOCS3_/~), PTEN’! (PTEN ‘~) or 
PTEN“/SOCS3"* with CNTE (PTEN /~/SOCS3 ‘/~) mice. Asterisks, lesion 
sites. c, Extensive axon regeneration is only evident in double mutants. Top 
panel shows the entire optic nerve up to the chiasm. Bottom panels show high- 
magnified areas (a and b) as indicated in the top panel. OX, optic chiasm. 

d, Estimated numbers of regenerating axons. At all distances quantified, there 
was a significant difference between the PTEN ’ /SOCS3 ’~ group and the 
remaining groups. *P < 0.001, ANOVA, Bonferroni’s post-hoc test. N = 5-6 
per group. Error bars, s.d. Scale bars, 100 jum. 


activation after PTEN deletion. Importantly, the extents of axon 
regeneration and RGC survival were similar in the animals with 
PTEN single deletion and PTEN/STAT3 or PTEN/gp130 double dele- 
tion (Fig. 4a, c and Supplementary Fig. 6a, b), suggesting that STATS is 
unlikely to be an important mediator of PTEN deletion. 

We also evaluated the potential role of mTOR activation in axon 
regeneration induced by SOCS3 deletion. Although systematic 
administration of rapamycin, a specific mTOR inhibitor, abolished 
most of the axon regeneration after PTEN deletion (Fig. 4a, c), the 
same treatment did not affect axon regeneration from SOCS3-deleted 
RGCs (Fig. 4b, d). These results suggest that these two pathways act 
independently in regulating axon regeneration. 

To assess possible gene expression alteration triggered by PTEN/ 
SOCS3 double-deletion, we performed gene-expression profiling studies. 
Transgenic YFP17 mice expressing yellow fluorescent protein (YFP) in 
most RGCs (with only few amacrine cells, Supplementary Fig. 7a), either 
in a control background or crossed to three different mutants, were 
subjected to AAV-Cre injection and optic nerve injury. Three days after 
injury, RNA was extracted from fluorescence-activated cell sorted 
(FACS) RGCs for microarray analysis (Supplementary Fig. 7b-e). 

The first potential mechanism is that certain key regeneration- 
promoting genes are significantly altered by PTEN/SOCS3 double 
deletion, when compared with both single deletions and the wild-type 
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Figure 3 | Activation of STAT3 in axon regeneration induced by SOCS3 
deletion. a, Images showing signals detected with TUJ1 or anti-p-STAT3 
antibodies in the retinal sections from intact mice or those 1 day after injury. 
b, Percentage of RGCs with nuclear phospho-STAT3 signals. N = 3-4 per 
group. *P < 0.001, ANOVA, Dunnett’s post-hoc test. c, d, Images (c) and 
quantification (d) of optic nerve sections showing regenerating axons in each 
group at 14 days after injury. By Bonferroni’s post-hoc test, regenerating axons 
in SOCS3-'"/STAT3 ‘~ double mutants were significantly less than those in 
the SOCS3 /~ mutants at 0.2-2.0 mm from the lesion site (P<0.01;N=5 per 
group). Error bars, s.d. Scale bars, 50 um in (a), 100 um in (c). 


controls. Among 15 genes selected, two encode critical positive mTOR 
regulators, namely small GTPase Rheb and insulin-like growth factor 1 
(IGF1)*° (Supplementary Figs 8 and 11), suggesting that positive feed- 
back regulation of the mTOR activity in the double mutant may con- 
tribute to the enhanced and sustained axon regeneration. The list also 
includes several axon-growth-related genes, such as for the RNA- 
binding protein Elavl4 (HuD), the cell adhesion molecules MAM 
domain-containing glycosylphosphatidylinositol anchor 2 (Mdga2)”', 
procadherin beta 9 (Pcdhb9)”, the axon guidance molecule Unc5D” 
and a cAMP-regulator phosphodiesterase 7B (Pde7b)** (Supplemen- 
tary Figs 8 and 11). 

In addition, double deletion may ‘enhance’ the regeneration-related 
gene-expression changes that occur poorly or moderately in the single 
mutants. By the criteria of significant changes (q > 0.05, fold change 
<1.6) for comparisons between the double mutants and wild-type 
controls, but not between the single mutants and wild-type controls, 
we revealed the gene set shown in Supplementary Fig. 9a. This includes 
most of genes shown in Supplementary Fig. 8. Further, it shows the 
upregulation of several axon-growth-related genes, such as those for 
the signalling molecule mitogen-activated protein kinase kinase 
(Map2k4)” and the axon transport components dynein component 
Dynclli2, kinesin family member Kif21a and kinesin-associated protein 
3 (Kifap3)’°”” (Supplementary Fig. 9a, 11). Consistently, pathway ana- 
lysis indicates that this list is enriched in genes serving cellular functions 
related to axon growth (Supplementary Fig. 9b). 
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Figure 4 | Independence of PTEN- and SOCS3-regulated pathways. 

a, b, Images of optic nerve sections from PTEN ~~ and various PTEN /— 
combined groups (a) or SOCS3~‘~ mutants with or without rapamycin 
treatment (b) at 14 days after injury. c, d, Quantification of regenerating axons 
shown in a and b respectively. c, Axon regeneration in either the PTEN ’/ 
gp130 ‘~ or PTEN ’ /STAT3 ‘~ group was comparable to that in PTEN ‘~, 
but was significantly reduced in the PTEN ‘~ group with rapamycin (P< 0.01, 
ANOVA, Bonferroni’s post-hoc test; N= 5 per group). d, Rapamycin 
treatment did not significantly reduce the number of regenerating axons in 
SOCS3 /~ mice (N = 6 per group). Error bars, s.d. Scale bars, 100 jim. 


Other non-exclusive possibilities may also contribute to the synergy 
of the double deletion. For example, SOCS3 deletion might regulate 
certain axon growth-promoting genes that are poorly regulated by 
PTEN single deletion; thus, double deletion allows the actions of both 
mTOR activity and these genes. We therefore screened for two sets of 
genes preferentially regulated by SOCS3 or PTEN deletion in the 
double deletion induced gene alteration (Supplementary Fig. 10). 
These lists contain several genes related to axon regeneration, but 
whether any of the above genes show complementary/synergistic 
functions is still unknown. In addition, Krippel-like factors KLF4 
and KLF6 showed expression changes in opposite directions (although 
the changes of KLF4 did not reach statistical significance (Supplemen- 
tary Fig. 11) ), consistent with proposed opposite functions of these 
regeneration regulators®. 

Complementarily, we assessed the expression of a subset of genes in 
both intact and injured RGCs by in situ hybridization. When com- 
pared with the expression in intact RGCs, some genes, such as Elavl4 
and KLF6, were induced in the mutant(s) after injury (Supplementary 
Fig. 12a, b), consistent with the model of the activation of axon- 
growth-related genes in these mutants. However, some other genes, 
such as axon transport genes Dync1li2, Kif21a and Kifap3, and a tran- 
scription factor ZFP40, were maintained in the double-mutant RGCs 
but downregulated in both wild-type and single mutant RGCs after 
injury (Supplementary Fig. 12c-f). These results suggested that, in 
addition to inducing growth-related gene expression, the double 
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deletion enables injured neurons to maintain their pre-injury physio- 
logical states, which might be an important contributing mechanism 
for the enhanced and sustained axon regeneration. 

Together, our experiments reveal an important strategy for achiev- 
ing sustainable de novo axon regrowth in the adult CNS neurons: co- 
activation of specific protein translations and gene transcriptions by 
concomitant inactivation of PTEN and SOCS3. Notably, the mTOR 
activity is maintained and phospho-STAT3 levels are increased in 
adult peripheral sensory neurons after injury'’**. Thus, the activation 
states of these two pathways may underlie the differential regenerative 
abilities of CNS and PNS neurons. However, deletion of PTEN and 
SOCS3 is not converting the CNS neurons to a PNS-like state, because 
PTEN is similarly expressed in adult PNS neurons and SOCS3 is 
increased during PNS regeneration'””. Nonetheless, enhancing 
mTOR activity through deletion of PTEN or TSC2 also drastically 
increases axon re-growth in PNS neurons’, indicating deletion of 
PTEN and SOCS3 may make an end-run around different growth- 
suppressive mechanisms. Considering the formidable long distances 
that regenerating axons must travel in the adult after injury, the 
synergistic effects of two different pathways suggest a potential solu- 
tion to this challenge, making the goal of functional recovery more 
realistic. 


METHODS SUMMARY 

AAV-Cre injection and optic nerve injury. Adult mice were intravitreally 
injected with AAV-Cre and/or CNTF to the left eyes. Optic nerve injury and 
quantifications were done with the methods described previously'”. 
Purification of RGCs. Seventy-two hours after injury, isolated retinas were incu- 
bated in digestion solution, dissociated by gentle trituration and then filtered 
before FACS sorting. 

RNA extraction and microarray. Isolated RNA was subjected to microarray 
analysis. Data were log, transformed at probe level, and the perfect match) 
model-based expression values were annotated and normalized using dChip. 
Statistical significance of gene expression differences between groups was deter- 
mined by Significance Analysis of Microarrays software. After an initial filter of 
very low expressed genes (average log, transformed value <5), a false discovery 
rate, or q value, less than 0.05 was used to generate the significant gene lists. 
Functional analyses were performed using the Database for Annotation, 
Visualization and Integrated Discovery. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


AAV-Cre injection. All experimental procedures were performed in compliance 
with animal protocols approved by the Institutional Animal Care and Use 
Committee at Children’s Hospital, Boston. C57BL6/J mice (WT) or various floxed 
mice including Rosa-lox-STOP-lox-Tomato (from F. Wang), socs3, PTEN!, 
Socs3/PTEN’S, STAT3, gp130"% SOCSH/STAT3, =PTEN“/STAT3”, 
PTEN“/gp130"5, YEP-17 crossed with or without SOCS3 and/or PTEN” were 
intravitreally injected with 1-2 jl volume of AAV-Cre (titres at 0.5 X 10!” to 
1.0 X 10'”) to the left eyes. For each intravitreal injection, a glass micropipette 
was inserted into the peripheral retina, just behind the ora serrata, and was delib- 
erately angled to avoid damage to the lens. In some experiments, 1 pl (1 pg pl ') 
CNTF (Pepro Tech) was intravitreally injected immediately after injury and at 
3 days after injury, and weekly thereafter. 

Optic nerve injury. Two weeks after AAV-Cre injection, the left optic nerve was 
exposed intraorbitally and crushed with jeweler’s forceps (Dumont number 5; 
Roboz) for 5s approximately 1mm behind the optic disc. Counting TUJ1+ 
RGCs in retina wholemount and regenerating axons was done with the methods 
described previously'”. 

Purification of RGCs. YFP17 mice, either themselves or crossed with PTEN and/ 
or SOCS3 floxed mice, were subjected to AAV-Cre injection and optic nerve 
injury. Seventy-two hours after injury, animals were killed and retinas were imme- 
diately dissected out for dissociation. Retinas were incubated in digestion solution 
(20Uml!"! papain, Worthington; 1 mM L-cysteine HCL; 0.004% DNase; 0.5 mM 
EDTA in Neurobasal) for 30 min at 37 °C, and then moved into Ovomucoid/BSA 
(1 mg m1’) solution to stop digestion. Subsequently, retinas were dissociated by 
gentle trituration with trituration buffer (0.5% B27; 0.004% DNase; 0.5 mM EDTA 
in Opti- MEM), and then filtered through 40-11m cell strainer (BD Falcon) before 
FACS. 


FACS swas performed with BD FACSAria IIu. Each time immediately before 
sorting, a purity test was performed to ensure the specificity for sorting YFP signal 
was higher than 99%. Dissociated retinal cells were separated based on both size 
(forward scatter) and surface characteristics (side scatter). Aggregated cells were 
excluded based on FSC-H:FSC-A ratio. Retinal cells without YFP expression were 
used as negative controls to set up the detection gate each time before sorting the 
YFP-positive cells. Sorted cells were immediately subjected to RNA extraction. 
RNA extraction and microarray. RNA was extracted using the Qiagen RNeasy 
mini kit (Qiagen), and RNA quality was assessed using a bioanalyser (Agilent 
Technologies). For microarray assays, RNA was amplified and labelled with the 
NuGEN Ovation WTA System (NuGEN), to obtain 2.8 jig of antisense RNA to be 
hybridized on Affymetrix mouse Genechip 1.0 ST (Affymetrix). To ensure repro- 
ducibility and biological significance, three hybridizations were performed for each 
group, with RNA samples collected from three independent FACS purifications, 
each including three or four animals (biological replicates). 

Data from microarrays were log, transformed at probe level, and the perfect 
match model-based expression values were annotated and normalized using dChip 
(www.dchip.org http://www.dchip.org). Statistical significance of gene expression 
differences between groups was determined by Significance Analysis of Microarrays 
(SAM) software (http://www-stat.stanford.edu/~tibs/SAM). After an initial filter 
of very low expressed genes (average log2 transformed value <5), a false discovery 
rate, or q value, less than 0.05 was used to generate the significant gene lists. 

Functional annotation clustering analysis was performed using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID; http://david. 
abcc.ncifcrf.gov). The functional annotation groups with similar EASE score 
(Fisher’s exact probability value) were clustered and grouped under the same 
overall enrichment score. The higher the score, the more enriched. The five top- 
scored clusters were listed, and the count of genes and their percentage to corres- 
ponding categories in the database were shown. 
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Experimental infection of bats with Geomyces 
destructans causes white-nose syndrome 
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Jeremy T. H. Coleman’, David N. Redell®, DeeAnn M. Reeder? & David S. Blehert? 


White-nose syndrome (WNS) has caused recent catastrophic declines 
among multiple species of bats in eastern North America’*. The 
disease’s name derives from a visually apparent white growth of the 
newly discovered fungus Geomyces destructans on the skin (includ- 
ing the muzzle) of hibernating bats'*. Colonization of skin by this 
fungus is associated with characteristic cutaneous lesions that are the 
only consistent pathological finding related to WNS*. However, the 
role of G. destructans in WNS remains controversial because evid- 
ence to implicate the fungus as the primary cause of this disease is 
lacking. The debate is fuelled, in part, by the assumption that fungal 
infections in mammals are most commonly associated with immune 
system dysfunction*’. Additionally, the recent discovery that G. 
destructans commonly colonizes the skin of bats of Europe, where 
no unusual bat mortality events have been reported* ", has generated 
further speculation that the fungus is an opportunistic pathogen and 
that other unidentified factors are the primary cause of WNS'?”. 
Here we demonstrate that exposure of healthy little brown bats 
(Myotis Iucifugus) to pure cultures of G. destructans causes WNS. 
Live G. destructans was subsequently cultured from diseased bats, 
successfully fulfilling established criteria for the determination of 
G. destructans as a primary pathogen’’. We also confirmed that 
WNS can be transmitted from infected bats to healthy bats through 
direct contact. Our results provide the first direct evidence that 
G. destructans is the causal agent of WNS and that the recent 
emergence of WNS in North America may represent translocation 
of the fungus to a region with a naive population of animals’. 
Demonstration of causality is an instrumental step in elucidating 
the pathogenesis'* and epidemiology’ of WNS and in guiding 
management actions to preserve bat populations against the novel 
threat posed by this devastating infectious disease. 

To test the ability of G. destructans to act as a primary pathogen, we 
housed healthy little brown bats (Myotis lucifugus; n = 29) in the 
laboratory under hibernation conditions and treated them with 
conidia of G. destructans harvested from pure culture. Histological 
examination of treated bats that died during the course of the experi- 
ment showed that lesions diagnostic for WNS were apparent by 83 
days after treatment. All treated bats were positive for WNS by his- 
tology when the trial was terminated at 102 days after treatment. In 
contrast, at the end of the experiment, all bats from the negative 
control group (bats treated identically but not exposed to conidia of 
G. destructans; n = 34) were negative for WNS by histology. 

We also investigated the potential for WNS to be transmitted from 
infected to healthy animals by co-housing hibernating bats naturally 
infected with WNS (collected from an affected hibernaculum and 
showing clinical signs of the disease; n = 25) with healthy bats (contact 
exposure group; n = 18). Eighty-nine per cent of bats in the contact 
exposure group developed WNS lesions by day 102, demonstrating 
for the first time that WNS is transmissible. This has important 


epidemiological and disease management implications, because many 
of the bat species most commonly impacted by WNS often form tight, 
occasionally mixed-species clusters during hibernation, facilitating the 
transfer of fungus among individuals and species. In addition, bat 
species affected by WNS engage in ‘swarming’ behaviour at hibernacula 
just before hibernation. During this time, there is much direct contact 
between individuals as they participate in a promiscuous mating sys- 
tem!°. Furthermore, individual bats have been documented to move 
long distances between hibernacula during this period’’, which may, in 
part, facilitate the spread of WNS across the landscape. 

To determine if WNS could be spread between bats through the air, 
healthy bats (n = 36) were placed in mesh cages in close proximity to 
(separated by 1.3cm), but not in direct contact with, the positive 
control and treated groups. After a period of 102 days, none of the 
animals exposed to possible airborne conidia from bats with WNS 
showed histopathological evidence of infection. This may be due to 
an inability of G. destructans conidia to travel through air at levels 
sufficient to establish infections in neighbouring individuals over the 
experimental interval or could reflect that conditions within the incu- 
bators (for example, airflow patterns and/or static charges) were not 
conducive to airborne transfer of conidia. 

The fungal skin lesions that developed in treated and contact- 
exposed animals were indistinguishable from those that occurred in 
the positive control bats (Fig. 1). Additionally, the prevalence of infec- 
tion was similar between the two groups (Table 1), indicating that the 
treated group did not develop disease from exposure to an excessively 
high dose of conidia. Similar disease pathology between groups also 
indicates that the contact-exposed bats did not develop WNS through 
exposure to an agent other than G. destructans. Histological examina- 
tion of hearts, intestines, livers, lungs and kidneys from a subset of 
animals (positive control group n = 5, negative control group n = 3, 
treated group n = 10, contact exposure group n = 5) did not reveal any 
tissue damage or other signs of infectious processes that might have 
predisposed the animals to skin infection by G. destructans. 
Furthermore, live G. destructans was cultured from the skin of bats 
confirmed to have WNS lesions. Development of lesions diagnostic for 
WNS in the absence of other signs of disease provides the first experi- 
mental evidence that G. destructans is a primary pathogen and causes 
WNS in healthy bats. 

The large-scale mortality seen in wild bat populations with WNS 
was not observed in the treated or contact exposure groups. Although 
all of the positive control animals died before the termination of the 
trial, survivorship (P = 0.72) and body mass index (BMI; P = 0.96) of 
the remaining groups did not significantly differ from the negative 
control group (Fig. 2a). The lack of WNS-related mortality in the 
treated and contact exposure groups is best explained by the short 
period of time these groups were exposed to G. destructans. On 
the basis of an analysis of wild bats submitted to the US Geological 
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Figure 1 | Histological sections of representative wing membranes (periodic 
acid-Schiff stain). a, Normal wing membrane of a healthy bat from the 
negative control group showing no signs of fungal growth. b, c, WNS lesions, 
including invasion of the underlying connective tissue by fungal hyphae 
(arrows), are visible in sections from a bat with WNS from the positive control 
group (b) and a bat from the treated group that developed WNS after 
experimental exposure to G. destructans (c). Insets are higher magnification 
images and scale bars indicate 20 jum. 


Survey (USGS)-National Wildlife Health Center (NWHC) for 
diagnostic testing (January 2008 to June 2011), WNS lesions have 
seasonally first been detected during autumn (late September), just 
before the start of long-term hibernation; major mortality events 
caused by WNS have seasonally not been observed among wild bats 
until the end of January (Fig. 2b). These data indicate that mortality 


Table 1 | Development of WNS in experimentally infected bats 


Treatment group Number with WNS Number with no Total Per cent 
lesions present WNS lesions infected 
Negative control 0 34 34 0) 
Treated 29 0 29 100 
Contact exposure 16 2 18 89 
Airborne exposure 0 36 36 0 
Positive control 25 ) 25 100 


The data show prevalence of WNS-associated fungal infections established in groups of healthy little 
brown bats inoculated with conidia of G. destructans from pure culture or exposed to bats known to have 
WNS (positive control group). Infection status was determined by histological examination of the wing. 
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Figure 2 | Survival curves. a, Survival curves for the treated (n = 29), contact 
exposure (n = 18), airborne exposure (n = 36), negative control (n = 34) and 
positive control (n = 25) groups. Bats in the positive control group, which 
consisted of animals naturally infected with WNS at the time they were 
collected, exhibited significantly decreased survival (asterisk) relative to the 
other groups (P< 0.001). Survival among bats of the remaining groups did not 
differ significantly from one another (P = 0.72). b, Percentage of bats submitted 
by month (January 2008 to June 2011) to the USGS-National Wildlife Health 
Center that tested positive for WNS (n = 54 submission events). The blue bars 
represent submissions that were not associated with major mortality events; the 
red bars depict submissions associated with high mortality. Annually, WNS- 
associated mortality events are first observed in January; the number of 
submissions involving mortality events for a given month peaks in March. 
Assuming the positive control bats were first exposed to G. destructans in late 
September, mortality due to WNS did not occur in the laboratory until 
approximately 120 days after exposure, consistent with what is observed in free- 
ranging wild bats (the dotted line represents the exposure period in the wild 
before the animals were collected for this study). The duration of this infection 
trial (102 days) was insufficient to observe WNS-associated mortality in the 
treated and contact exposure groups (the treated group mortality curve is 
shifted such that duration of exposure corresponds to that of the positive 
control group; contact and airborne exposure group mortality curves are not 
shown). 


from WNS does not manifest until approximately 120 days after bats 
enter hibernation and assume a cold physiological state conducive to 
proliferation of G. destructans; mortality subsequently peaks about 
180 days after bats first enter hibernacula (in the month of March). 
Assuming that initial exposure of positive-control bats to the fungus 
occurred in late September, these animals survived about 110 to 
205 days after exposure, with approximately 50% having died by the 
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150-day mark. The treated and contact-exposure bats were only 
exposed to G. destructans for 102 days. Thus, the experiment was 
terminated before the disease had progressed to the degree that mor- 
tality would be expected among treated and contact-exposed animals. 

Our work demonstrates experimental infection of little brown bats 
by G. destructans with subsequent development of WNS in the absence 
of underlying health conditions. It follows that the recent widespread 
detection of G. destructans in Europe without apparent detriment to 
bat populations indicates that the fungus may be endemic to that 
region where it co-evolved with continental bat species*’°. In North 
America, the data indicate that WNS originated at a single site’’* with 
high tourist traffic, consistent with the introduction of an exotic species”. 
Thus, the pathological effects caused by G. destructans in North 
American bats may reflect exposure of a naive host population to a 
novel pathogen. Future studies are needed to investigate the origin of 
G. destructans in North America and to elucidate differences in 
physiology and behaviour between North American and European 
bats that might account for disparate disease outcomes observed 
among the two continents. 

Fungal pathogens have the unique capacity to drive host popula- 
tions to extinction because of their ability to survive in host-free 
environments’. Given the high mortality rate and speed at which 
WNS has spread, the disease has the potential to decimate North 
American bat populations and cause species extinctions” similar to 
those documented for amphibians affected by chytridiomycosis”’. 
Advancement of WNS research and management has been limited 
by uncertainty over the causative agent of this disease. With the 
causative agent now conclusively identified through fulfilment of 
Koch’s postulates, future research efforts can focus on mitigating the 
effects of WNS before hibernating bat populations suffer losses beyond 
the point of recovery. 


METHODS SUMMARY 


Little brown bats (Myotis lucifugus) naturally infected with WNS (positive control 
group; n = 25) were collected from a hibernaculum in New York. Healthy (based 
upon body condition and histopathology findings) little brown bats were collected 
from a hibernaculum in Wisconsin outside of the known range of WNS. Healthy 
bats were divided into four groups: negative control (n = 34), treated (n = 29), 
contact exposure ( = 18) and airborne exposure (n = 36). Conidia of G. destructans 
(5 X 10° conidia suspended in 20 ul of phosphate buffered saline solution contain- 
ing 0.5% Tween 20 (PBST)) were applied to one of the wings of bats in the treated 
group, and an additional 5 x 10° conidia were applied to the fur between the eye 
and ear. Negative control bats were treated identically with PBST lacking conidia. 
Animals were maintained in mesh enclosures (Supplementary Fig. 1) under con- 
ditions approximating bat hibernacula for 102 days. The experimental end point 
was set to correspond with the timing by which wild bats naturally emerge from 
hibernation. Infection status was determined by histological examination of the 
muzzle and skin from each wing’, and G. destructans was re-isolated from 
wing skin as previously described”. The identity of fungal isolates resembling 
G. destructans was confirmed by PCR amplification/double-stranded sequence 
analysis of the rRNA gene internal transcribed spacer”’. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Animals. This study was conducted at the NWHC in accordance with 
Institutional Animal Care and Use Committee Experimental Protocol 081118. 
WNS-positive little brown bats (Myotis lucifugus) (positive control group; 
n= 25) were collected from a hibernaculum in New York in January 2009; only 
bats showing visible signs of fungal growth on the muzzle and/or wings were 
collected from the New York site. Healthy (based upon body condition and his- 
topathology findings) little brown bats were collected from a hibernaculum in 
Wisconsin (approximately 1,000 km distant from the known range of WNS at 
the time that animals were collected). Bats were transported to the NWHC in 
coolers at approximately 7 °C. 

Experimental infection. Healthy bats were randomly (except for ensuring nearly 
equal sex ratios) divided into groups: negative control (n = 34), treated (n = 29), 
contact exposure (n = 18) and airborne exposure (n = 36). Negative control, 
positive control and treated groups were maintained in separate rooms. 
Animals in the contact exposure group were placed in the same enclosures as 
the positive control group. Animals in the airborne exposure group were split 
evenly between separate enclosures, each located 1.3 cm from enclosures housing 
the positive control and treated groups (Supplementary Fig. 1). 

Conidia were harvested from 60-day-old cultures of the type strain of G. 
destructans’ (American Type Culture Collection number ATCC MYA-4855) by 
flooding plates with phosphate buffered saline solution containing 0.5% Tween20 
(PBST). Conidia were washed, enumerated and re-suspended in PBST. Twenty 
microlitres of the conidial suspension containing 5 x 10° conidia were pipetted 
directly onto the dorsal surface of one of the wings of bats in the treated group; an 
additional aliquot (20 ul) was pipetted onto the fur between the eye and ear. 
Negative control bats were treated identically with PBST lacking conidia. Bats 
were housed in mesh enclosures (Reptaria; Apogee) within refrigerators (SRC 
Refrigeration) under conditions approximating bat hibernacula (complete dark- 
ness, approximately 6.5 °C and 82% relative humidity) for 102 days. Termination 
of the experiment corresponded to the time period during which wild bats begin to 
emerge from hibernation. Temperatures were recorded daily in each refrigerator 
to ensure that appropriate hibernation conditions were maintained. The mean 
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temperatures (+ standard deviation) for the refrigerators were as follows: negative 
control group, 6.4 + 0.8 °C; positive control, airborne exposure (in part) and 
contact exposure groups, 6.7 + 0.4°C; treated and airborne (in part) exposure 
groups, 6.4 + 0.8 °C. BMI was calculated by dividing body mass at the time that 
the bats were euthanized by forearm length. Because animals that died naturally 
during the trial became desiccated, BMI was only calculated for bats that were 
euthanized. 

Diagnosis of WNS was made through histological examination of the muzzle 

and a portion of skin from each wing*. G. destructans was re-isolated in culture 
from wing skin as described previously~ and identified by PCR amplification/ 
double-stranded sequence analysis of the rRNA gene internal transcribed spacer”. 
Statistical analyses. Survivorship was compared among groups using the Gehan-— 
Breslow survival test (SigmaPlot 11.0; Systat Software) because this method gives 
more weight to animals that died naturally during the experiment and less weight 
to the large number of censored data points (that is, euthanized animals) at the end 
of the experiment. Pair-wise comparisons were examined with the Holm-Sidak 
procedure (significance at P< 0.05). BMI was compared among groups (negative 
control group, n = 27; treated group, n = 25; contact exposure group, n = 15; 
airborne exposure group, n = 27) using an analysis of variance test (significance 
at P<0.05) after confirming that the data met assumptions of normality 
(Shapiro-Wilk test, P=0.07) and equal variances (Levene median test, 
P= 0.87). One bat from the treated group was excluded from the BMI analysis 
because its weight was not measured before euthanasia and sample collection. 
Three bats from the treated group were euthanized 34 days after exposure to assess 
whether WNS lesions were developing; WNS lesions were not detected in these 
animals. Because these three animals were prematurely removed from the experi- 
ment, they were excluded from further analyses and are not represented in the 
specified sample sizes. 
Equipment and settings. Prepared tissue sections were examined using an 
Olympus BH-2 upright microscope with SPlan Apo X40 and X100 objectives 
(Olympus Optical). Images were collected in tagged image file format using a 
digital colour camera (Insight2) and Spot Basic Version 4.0.8 (Diagnostic 
Instruments). 
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HIV-1 restriction factor SAMHD1 is a 
deoxynucleoside triphosphate triphosphohydrolase 
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SAMHD1, an analogue of the murine interferon (IFN)-y-induced 
gene Mgl11 (ref. 1), has recently been identified as a human 
immunodeficiency virus-1 (HIV-1) restriction factor that blocks 
early-stage virus replication in dendritic and other myeloid cells”* 
and is the target of the lentiviral protein Vpx, which can relieve 
HIV-1 restriction*’. SAMHD1 is also associated with Aicardi- 
Goutieres syndrome (AGS), an inflammatory encephalopathy 
characterized by chronic cerebrospinal fluid lymphocytosis and 
elevated levels of the antiviral cytokine IFN-a*. The pathology 
associated with AGS resembles congenital viral infection, such as 
transplacentally acquired HIV. Here we show that human SAMHD1 
is a potent dGTP-stimulated triphosphohydrolase that converts 
deoxynucleoside triphosphates to the constituent deoxynucleoside 
and inorganic triphosphate. The crystal structure of the catalytic 
core of SAMHDI reveals that the protein is dimeric and indicates 
a molecular basis for dGTP stimulation of catalytic activity against 
dNTPs. We propose that SAMHD1, which is highly expressed in 
dendritic cells, restricts HIV-1 replication by hydrolysing the 
majority of cellular dNTPs, thus inhibiting reverse transcription 
and viral complementary DNA (cDNA) synthesis. 

SAMHD1 was originally identified in a human dendritic cell cDNA 
library as an orthologue of the mouse IFN-y-induced gene Mgl1 
(ref. 1). SAMHD1 is expressed at basal levels in a large number of 
tissues’ but is highly expressed in dendritic cells and other cells of the 
myeloid lineage” _(http://biogps.gnf.org/#goto= genereport&id= 
25939). However, although it is mutated in patients with AGS and 
upregulated in response to viral infection’®”’, the cellular functions of 
SAMHD1 are unclear; although a role as a negative regulator of the 
innate immune response to interferon stimulatory DNA (ISD) has been 
proposed’. More recently, it has been demonstrated that SAMHD1 is a 
restriction factor that blocks the early stages of HIV-1 replication in 
dendritic cells’. To understand the mechanism of HIV-1 restriction we 
have characterized its enzymatic activity and determined the crystal 
structure of the catalytic core of SAMHD1 (residues 120-626). 

Given the known nucleic acid metabolising functions of proteins 
associated with AGS'** and given that SAMHD1 contains an HD 
motif, which have been proposed to have phosphohydrolase activities’’, 
we investigated the potential hydrolytic activity of the protein. 
SAMHD1(120-626) (hereafter SAMHDI1c) was incubated with 
nucleotides and/or nucleic acid substrates. The products of nucleotide 
hydrolysis were analysed by anion-exchange high-performance liquid 
chromatography (HPLC) and nuclease activity directed against 
nucleic acid polymers was assessed using gel electrophoresis. The 
chromatograms produced from activity assays testing potential sub- 
strates are shown for individual deoxynucleoside triphosphates 
(Fig. la-d) and for nucleoside triphosphates and single-stranded 
(ss)DNA, double-stranded (ds)DNA and RNA (Supplementary Figs 1 
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Figure 1 | Examination of SAMHD1 deoxyribonucleoside triphosphate 
hydrolysis activity. a-d, Reaction products upon incubation of SAMHD1c 
with dATP (a), dCTP (b), dGTP (c) and TTP (d) analysed by anion-exchange 
HPLC. In each panel chromatograms from 0-h (black) and 24-h incubation 
(red) are shown. Additionally, the dGTP panel contains a chromatogram from a 
3-h incubation (blue). The hydrolysis product that elutes at 0.5 min is indicated. 
e, Identification of the hydrolysis product from the dGTP reaction. 
Chromatograms of individual standards of deoxyguanosine (red), (GMP 
(magenta) and dGDP (blue) are shown together with that of a 3-h incubation of 
SAMHDc with dGTP (black). Inset, ultraviolet/visible-light spectrum recorded 
during elution of the SAMHD1/dGTP product peak co-eluting with 
deoxyguanosine. f, Analysis of SAMHD1c/dGTP hydrolysis by *‘P NMR 
spectroscopy after 0, 3 and 7h of incubation. Assigned *'P resonances from of 
the a-, B- and y-phosphate of dGTP and «- and B-phosphate of the triphosphate 
product species are labelled. Product resonances are marked with asterisks. 
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and 2, respectively). These data reveal that SAMHD1 rapidly hydrolyses 
dGTP but not dATP, dCTP and TTP (5-methyl deoxyuridine tripho- 
sphate) (Fig. 1c), has no nuclease activity against the three nucleic acid 
substrates and does not hydrolyse nucleoside triphosphates. Thus 
SAMHD1 is a deoxyguanosine triphosphate triphosphohydrolase. 

To determine the products of dGTP hydrolysis by SAMHDIc, two 
approaches were taken. First, the reaction products after a 3-h incuba- 
tion of SAMHD1c with dGTP were again characterized by anion- 
exchange HPLC (Fig. le). The reaction product co-elutes with the 
deoxyguanosine standard, and analysis of the ultraviolet/visible-light 
absorption spectrum confirms the product as deoxyguanosine. 
Second, the *'P NMR spectrum of 0, 3 and 7-h dGTP incubation with 
SAMHD1 (Fig. 1f) shows that the SAMHD 1c hydrolysis reaction pro- 
duces triphosphate with no indication of sequential release of mono- 
phosphate. Taken together, these data demonstrate that SAMHD1c 
possesses an unusual triphosphohydrolase activity that rapidly con- 
verts dGTP to guanosine and inorganic triphosphate, which, to our 
knowledge, has not been reported in eukaryotes and has only been 
partially characterized in some bacteria’*"*. Release of triphosphate 
combined with subsequent turnover to inorganic phosphate by cellular 
exopolyphosphatases and pyrophosphatases would strongly drive the 
triphosphohydrolase reaction, leading to substantial reductions in the 
cellular dNTP pool. 

Intriguingly, although assays carried out using individual deoxynu- 
cleoside and nucleoside triphosphates suggested that SAMHD1 only 
shows dGTP triphosphohydrolase activity, when all four deoxynucleo- 
side triphosphates are incubated together it is apparent that all of the 
deoxynucleoside triphosphates are rapidly hydrolysed (Fig. 2a). To 
understand the basis of this more promiscuous activity, pairs of deox- 
ynucleoside triphosphates were incubated with SAMHD\c. In this 
case hydrolysis of dATP, dCTP and TTP occurs only when dGTP is 
also present (Fig. 2b-f), suggesting that in addition to being a preferred 
substrate, dGTP also activates the enzyme to hydrolyse the other dNTPs. 
To examine if dGTP could also activate the enzyme to hydrolyse NTPs, 
additional reactions were carried out (Supplementary Fig. 3), which 
showed that only hydrolysis of the dGTP occurs, indicating that the 
enzyme is not able to utilize NTPs as substrates. Thus SAMHD1 has 
strict specificity for deoxynucleotides, and dGTP is both a substrate and 
an activator of the enzyme against the other dNTPs. 

The crystal structure of SAMHD1c was solved by single-wavelength 
anomalous dispersion (SAD) (Supplementary Table 1), and is repre- 
sented in Fig. 3. The molecule comprises 19 o-helices (#1-019) and 9 
B-strands (§1-B9) arranged in a mixed «/ fold (Supplementary Fig. 4) 
and comprises a large domain (residues 120-451) containing a major 
and minor lobe, together with a smaller carboxy-terminal region (resi- 
dues 455-583). The dimer interface buries approximately 2,000 A? of 
surface (Supplementary Fig. 5) and, consistent with the crystal structure, 
our solution hydrodynamic data (Supplementary Fig. 6) demonstrate 
that SAMHD1 is largely dimeric in solution. 

Although we have been unable to co-crystallize SAMHDIc with 
substrates, a phosphate ion from the crystallization buffer is found 
close to the sequence-conserved HD motif and co-ordinated to a zinc 
ion. This locates the active site to a cavity between the major and minor 
lobes that extends beneath the C-terminal region (Fig. 3 and Sup- 
plementary Fig. 7). The catalytic centre lies at the bottom of the cavity 
and contains the zinc ion together with the coordinated phosphate 
group and surrounding aspartate, histidine and arginine side chains 
(Fig. 3). The zinc ion is coordinated by the side chains of His 206 and 
Asp 207, a phosphate oxygen and the side chains of His 167 and 
Asp 311. The side chains of the two zinc coordinating aspartic acid 
residues, 207 and 311, also form hydrogen bonds with other phosphate 
oxygens, thus extending the linkage between the zinc ion and phos- 
phate ion. The phosphate also forms salt bridges with the side chains of 
four basic residues adjacent to the active site, Arg 164 and histidine 
residues at positions 210, 215 and 233 as well as hydrogen bonding toa 
water molecule. We believe the position of the bound phosphate is 
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Figure 2 | SAMHD1 is allosterically activated to cleave (ATP, dCTP and 
TTP by dGTP. a-f, The products of reaction upon incubation of SAMHD1c 
with dATP, dCTP, dGTP, TTP (a), dATP, dGTP (b), dCTP, dGTP (c), dGTP, 
TTP (d), dATP, dCTP (e) and dATP, TTP (f) were analysed by anion-exchange 
HPLC. In each panel chromatograms produced from 0h (black), 3 h (blue) and 
24h (red) of incubation are shown. Peaks corresponding to nucleoside 
triphosphates elute in the order C/T, A, G between 9 and 11 min. 


significant, as its close association with the zinc ion and its proximity to 
the HD catalytic motif helps to define the active site and serves as a 
marker for the position of the «-nucleotidyl phosphate. 

Comparison of the SAMHD1c structure with a related HD protein 
from Aquifex aeolicus (PDB code 2HEK) suggests a mechanism for the 
allosteric activation of the enzyme by dGTP (Supplementary Fig. 8). The 
2HEK dimer interface incorporates two nucleotide-binding sites, each 
containing GDP. Examination of the residues that interact with the 
guanine base in 2HEK reveals that they equate to the conserved residues 
Asp 137, Gln 142, Arg 145 and Arg 451 in SAMHD1. This analysis 
strongly suggests the location of the allosteric nucleotide-binding sites 
in SAMHD1 and enables us to model guanine nucleotides into the 
SAMHDI structure (Fig. 3). The resulting model shows that Asp 137, 
Gln 142 and Arg 145 are likely to be the residues that recognize the base 
edge, accounting for guanine selectivity at the allosteric sites of 
SAMHDI1. Gln 142 and Arg 145 are located on the same face of «2 
whereas Asp 137 is in the preceding loop (Fig. 3). Arg 143 neighbours 
both Gln 142 and Arg 145 but is located on the opposing face of the «2 
helix where its side chain projects into the active site and is hydrogen 
bonded to the main-chain carbonyls of Leu 208 and His 210. In this way 
the presence of bound dGTP in the allosteric site is likely to alter the 
environment and thus catalytic properties of the enzyme’s active site. 
Importantly, several AGS mutations also cluster around this proposed 
allosteric site (Arg145Gln, Arg143Cys, Arg143His and Gly209Ser) and 
we propose that they cause loss of SAMHD1 function by interfering 
with the allosteric activation mechanism. To test this model, alanine 
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Figure 3 | Crystal structure of the extended HD 
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substitution mutants were made at residues in the allosteric and catalytic 
sites of SAMHD1 as well as the AGS mutation Arg145Gln. Analysis of 
the catalytic activity of these substitution mutants (Supplementary 
Table 2) revealed that mutations at 137 and 145 in the allosteric site 
abolished SAMHD1 hydrolysis activity entirely whereas alanine substi- 
tution at Gln 142 resulted in a fivefold reduction in activity. Similarly, 
mutations in the active site at residues 206-207, 311 and 164 abolished 
activity, and substitution of His 233 by alanine resulted in a sixfold 
reduction in the rate of dGTP-activated TTP hydrolysis. Further sup- 
port for the role of dGTP at the allosteric binding sites comes from 
sedimentation velocity analysis, which reveals that the presence of 
dGTP promotes the formation of the dimer (Supplementary Fig. 9). 

The other proteins that have been identified in which mutations are 
associated with AGS are TREX] and the three constituent subunits of 
RNase H2 (refs 8, 19, 20). Both TREX] and RNase H2 have nucleic acid 
metabolising functions’*-* and it has been proposed that TREX] func- 
tions in the clearing of reverse transcripts produced from endogenous 
retroviral elements”. We show that SAMHD1 activity is probably 
associated with degradation of DNA precursors rather than polymeric 
nucleic acids. However, considering the same human disease pheno- 
type is associated with mutations in either, SAMHD1 and TREX1 
activities might act to control synthesis as well as degradation of cyto- 
solic nucleic acids derived from endogenous retroelements. Moreover, 
it is proposed that the accumulation of cytosolic ssDNA resulting from 
loss of TREX1 function is the cause of the autoimmunity observed in 
AGS”. Similarly, loss of a SAMHD1 function, which would otherwise 
inhibit endogenous reverse transcription by limiting the dNTP pools, 
would also result in a build-up of cytosolic DNA and trigger the in- 
appropriate interferon response reported in AGS (Fig. 4a, b). 

The pattern of SAMHD1 expression in cells is also likely to be 
important in exogenous virus infection. Although basal levels of 
SAMHD1 expression are observed in a variety of organs and tissues, 
it is highly expressed in the myeloid-derived cells in which HIV-1 is 
restricted, including dendritic cells, monocytes and, to a lesser extent, 
macrophages’ (http://biogps.gnf.org/#goto=genereport&id=25939). 
In contrast, SAMHD1 is not expressed in HIV-1-permissive T-cell 
lines*. Importantly, the concentration of the dNTP pool in non- 
permissive cells is low, 40-70 nM in macrophages compared to 1.5- 
16 uM in peripheral blood mononuclear cells (PBMCs)””*. Further, 
upon phorbal 12-myristate 13-acetate (PMA)-induced differentiation 


expanded view of the allosteric site at the dimer 
interface is shown. Deoxyguanosine has been 
modelled into the site by comparison with 2HEK. 
Potential hydrogen bonds are represented as 
dashed orange lines. Residues on opposing sides of 
helix «2 link bound deoxyguanosine to residues in 
the active site of SAMHD1. Asterisks indicate the 
residues where mutations are found in AGS 
patients. 


of THP-1 cells, the TTP concentration is reduced, and when the 
SAMHD1 expression level is increased, the TTP level is reduced further 
(Supplementary Fig. 10). In addition, HIV-1 variants with reverse 
transcriptase that has reduced dNTP binding affinity are incapable of 
replication in macrophages. The combination of high SAMHD1 
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Figure 4 | Model for SAMHD1 function. a, Dimeric inactive SAMHD1 
(blue) binds dGTP at the dimer interface. Activated SAMHD1 (red) catalyses 
the cleavage of dNTPs into the composite deoxynucleoside and inorganic 
triphosphate. The deoxynucleotide pool is suppressed and endogenous reverse 
transcriptase (RT) activity is inhibited. b, AGS mutations in the allosteric 
binding site of SAMHD1 prevent dGTP binding or allosteric activation 
rendering the protein inactive. As a result, deoxynucleotide levels rise and 
aberrant DNA products arising from reverse transcription of endogenous 
retroviruses accumulate within the cytoplasm, triggering the inappropriate 
production of interferon observed in AGS. c, In HIV-1-infected dendritic cells 
SAMHD1 activity suppresses the deoxynucleotide pool, inhibiting reverse 
transcriptase and blocking infection. d, In the presence of Vpx, SAMHD1 is 
recruited by the DDB-CUL4—DCAF1 E3 ubiquitin ligase complex and targeted 
to the proteasome for degradation. Control on the dNTP pool is released and 
sufficient dNTPs are available for reverse transcription to be completed, 
releasing the HIV-1 block. 
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expression with low dNTP pool concentration in cells that restrict HIV- 
1 links powerfully to our finding that SAMHD1 is a potent deoxynu- 
cleoside triphosphate triphosphohydrolase. The observation that the 
lentiviral accessory protein Vpx can restore HIV-1 replication in 
dendritic and other myeloid cells by targeting SAMHD1 for protea- 
somal degradation**”’ also lends further weight to this argument 
(Fig. 4c, d). However, paradoxically, SAMHD1-mediated restriction 
may not be beneficial for the host, as in vitro studies indicate that Vpx 
rescue of HIV-1 infection actually results in increased maturation of 
dendritic cells**. This raises the possibility of an enhanced immune 
response in vivo in individuals with low SAMHD1 activity. 


METHODS SUMMARY 


SAMHDI1c was expressed in E. coli strain BL21 (DE3) and purified using streptactin 
affinity and size-exclusion chromatography. For structure determination selenium 
was incorporated into the protein by supplementing defined culture media with 
seleno-methionine. Products of nucleic acid hydrolysis by SAMHD1c were ana- 
lysed by gel electrophoresis using 15% polyacrylamide gels for DNA substrates and 
1.5% agarose gel for RNA substrates. Nucleotide hydrolysis reactions were analysed 
by anion-exchange HPLC using a DNA-PAC100 (4 X 50 mm) column (Dionex) 
and *'P NMR. Spectra were recorded at 25 °C on a 600 MHz Varian Inova spectro- 
meter using a broadband X-nucleus detection probe. Solution oligomerization state 
was analysed using on-line size-exclusion chromatography coupled to multi-angle 
laser light scattering (SEC-MALLS) and sedimentation velocity/equilibrium. For 
SEC-MALLS scattered light intensities were recorded using a DAWN-HELEOS 
laser photometer and protein concentration was measured using an OPTILAB-rEX 
differential refractometer. Weight-averaged molecular masses were determined 
from the combined data using ASTRA software (Wyatt Technology). 
Sedimentation velocity/equilibrium experiments were performed in a Beckman 
XL-I analytical ultracentrifuge. Velocity data were analysed using the program 
SEDFIT’® and equilibrium data were analysed using the program SEDPHAT”. 
Protein crystals were grown in 20% PEG3350, 0.1 M Na,HPO, by micro-seeding 
and snap frozen with the addition of 20% glycerol as cryoprotectant. X-ray diffrac- 
tion data were collected at the Diamond Light Source and processed using the HKL 
suite’*. The structure was determined by SAD and refined using methods imple- 
mented in Phenix”. Structure figures were generated using PyMOL (http://pymol. 
sourceforge.net/). For cellular TTP quantification, THP-1 cells were transduced 
with codon-optimized SAMHD1 and parental and transduced cell lines differen- 
tiated by PMA treatment. TTP were isolated from both undifferentiated and differ- 
entiated cells by methanol extraction and quantified using a fluorescence-based 
primer extension assay”°. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein expression and purification. The DNA sequence coding for human 
SAMHD1 residues D120-M626 (SAMHDc) was amplified by PCR and inserted 
into a pET52b expression vector (Novagen) using ligation-independent cloning to 
produce an amino-terminal StreplII-tag fusion. The insert sequence was verified by 
DNA sequencing. Strep-tagged SAMHD 1c was expressed in the E. coli strain BL21 
(DE3) and purified using streptactin affinity and size-exclusion chromatography. 
Seleno-methionine was incorporated using the inhibition method in defined culture 
medium. Verification of the processed N-terminal methionine, correct molecular 
mass and degree of selenium incorporation was obtained by electrospray ionization 
mass-spectrometry. 

Nuclease activity. In catalytic assays using oligonucleotide substrates, SAMHD1c 
(400 nM) was incubated for 30 and 60 min in 20 mM Tris-HCl (pH 7.8), 50 mM 
NaCl, 5mM MgCh, 0.5 mM TCEP with 4 1M ssDNA, dsDNA or RNA (produced 
by in vitro transcription of the pit2X gene using T3 polymerase). Reactions were 
carried out in the absence and presence of 1mM dNTPs and the products were 
analysed in 15% polyacrylamide gels for DNA substrates and 1.5% agarose gel for 
RNA substrates. All were visualized by ethidium bromide staining. 

Nucleotide assays. In a typical assay 8 11M SAMHD1c was incubated with 1 mM 
nucleotide in a reaction buffer of 20 mM Tris-HCl (pH 7.8), 50mM NaCl, 5mM 
MgCl, 0.5mM TCEP. The reaction was allowed to proceed and samples 
withdrawn at timed intervals up to 1,440 min and terminated by 10-fold dilution 
into 12.5% acetonitrile, 25mM Tris-HCl pH 8.0. The nucleotide hydrolysis 
reactions were analysed by anion-exchange HPLC using a DNA-PAC100 
(4X 50mm) column (Dionex). The column was equilibrated at 30°C at 1 ml 
min‘ in 25 mM Tris-HCl, 0.5% acetonitrile pH 8.0 (Buffer A). Injected samples 
(1-4nmol) were eluted with a 5-min isocratic phase of Buffer A followed by a 
linear gradient of 0-240mM NH,Cl over 12min. Absorbance data from the 
column eluent was continuously monitored between 200-400 nm (2-nm interval) 
using MD-2010 photodiode array detector (JASCO). Peak integration of the 
absorbance data recorded at 260 nm was used to quantify the amount of substrate 
and products during at each time point of the reaction. Initial rates of TTP 
hydrolysis of SAMHD1(26-583) active and allosteric site mutants were deter- 
mined using 5 uM SAMHD1(26-583), 100 4M dGTP activator and 1mM TTP 
as substrate. Samples were withdrawn from the reaction at intervals up to 60 min 
and initial rates determined from the linear part of plots of substrate against time. 
Isolation and quantification of TTP from cells. A codon-optimized samhd1 gene 
was synthesized in pDONR221 (Invitrogen) and cloned by LR recombination into 
pLgatewaySN. MoMLV-based delivery vectors were made by cotransfecting pVSV- 
G, pHIT60 and pLgatewaySN, containing the transgene, into 293T cells, harvesting 
at 48h post-transfection. THP-1 cells were maintained in RPMI + .-glutamine 
(GIBCO) with 10% fetal calf serum (biosera), penicillin and streptomycin. Cells (5 
X 10°) were transduced by spinoculation at 1,700 r.p.m. for 90 min with 0.5 ml neat 
virus in the presence of 31gml~' polybrene. Transduced cells were allowed to 
recover in 2 ml media for 48 h and subsequently selected with G418. For differenti- 
ation, cells were treated with 100 nM phorbal 12-myristate 13-acetate (PMA) for at 
least 72 h. 

For isolation of TTP, undifferentiated (suspension) cells, 1 x 10’ cells were 
pelleted and resuspended in 10 ml ice-cold PBS. Differentiated (adherent, 1 X 10’) 
cells were washed, trypsinized and resuspended to a total volume of 10 ml with ice- 
cold PBS. Cells were pelleted by centrifugation at 3,000g for 5 min at 4 °C and the 
pellet resuspended in ice-cold 60% methanol. Extracts were heated for 95°C for 
3 min, sonicated for 30s (Branson Sonifier 450) and debris pelleted by centrifu- 
gation at 16,000g for 5 min at 4°C. The supernatant was passed through a pre- 
equilibrated Amicon Ultra 0.5 ml centrifugal filter at 4°C and evaporated under 
vacuum at 70°C. Material was resuspended in 10 ll nuclease-free HO. 

Quantification of TTP was carried out using a fluorescence-based primer exten- 
sion assay*’. Reactions contained 2.5 l cell extract or TTP standard, 0.1 1M 
primer NDP1 (CCGCCTCCACCGCC), the dTTP-DT1 template (TCGCTCGCT 
CTTGCCTCGGTCCTTTATTTGGCGGTGGAGGCGG), probe FAM-dTTP 
(6FAM/AGGACCGAG/ZEN/GCAAGAGCGAGCGA/IBFQ), 2mM MgCh, 
0.1mM dNTP mix minus TTP, 1X GeneAmp PCR Buffer 2 and 0.875U 
AmpliTaq Gold DNA polymerase (Applied Biosystems) in a final volume of 
25 ul. Thermal cycling and fluorescence detection was carried out using a modified 
comparative Cy program on an Applied Biosystems 7500Fast Real-Time PCR 
system (95°C hot start for 10 min followed by extension at 60°C). Data were 
collected at 30-s intervals for 10 min and raw fluorescence spectra for 6-FAM (filter 
A) were exported and analysed. Background fluorescence in triplicate reactions 
lacking TTP was averaged and subtracted from standard and sample fluorescence 
reads at each time point. The concentration of TTP was determined by comparison 
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to a standard curves for TTP analysed by linear regression and corrected to give 
pmol quantities for 10° cells. 

NMR spectroscopy. *'P NMR Spectra were recorded at 25°C on a 600 MHz 
Varian Inova spectrometer using a broadband X-nucleus detection probe. 'H 
decoupling, when used, was achieved using the WALTZ scheme (B, 
~1,600 Hz). SAMHDIc hydrolysis of dGTP was monitored by recording a con- 
tinuous series of 15-min 1D spectra over a 24-h period. Spectra were referenced 
indirectly to the ly peak of the water using yC!P)/yCH) = 0.404808636. 
SEC-MALLS. Size-exclusion chromatography coupled to multi-angle laser light 
scattering (SEC-MALLS) was used to determine the molar mass and the molar mass 
distribution of SAMHD 1c. Samples (100 jl) were applied to a Superdex 200 10/300 
GL column equilibrated in 20mM Tris-HCl, 150mM NaCl, 5mM MgCl, and 
0.5 mM TCEP, pH 8.0, at a flow rate of 0.5 ml min '. The scattered light intensity 
and protein concentration of the column eluate were recorded using a DAWN- 
HELEOS laser photometer and an OPTILAB-rEX differential refractometer (dRI) 
(dn/dc = 0.186) respectively. The weight-averaged molecular mass of material con- 
tained in chromatographic peaks was determined from the combined data from 
both detectors using the ASTRA software version 5.1 (Wyatt Technology). 
Analytical ultracentrifugation. Sedimentation velocity experiments were per- 
formed in a Beckman XL-I analytical ultracentrifuge. Samples were prepared by 
exhaustive dialysis against the buffer blank solution, 20mM Tris-HCl, 150 mM 
NaCl, 5mM MgCh, 0.5mM TCEP, pH 7.5. Centrifugation was performed at 
50,000 revolutions per minute (r.p.m.) and 293 °K in an An50-Ti rotor at varying 
sample concentrations (8-30 1M). Data were analysed in terms of the size distri- 
bution function C(S) using the program SEDFIT*. 

Sedimentation equilibrium experiments were performed in six-channel centre- 
pieces in an An-50 Ti rotor. Prior to centrifugation, samples were dialysed exhaus- 
tively against the buffer blank, 20mM Tris-HCl, pH 7.5, 150mM NaCl, 5mM 
MgCl, 0.5mM TCEP. After centrifugation for 18h, interference and ultraviolet 
absorbance data (A = 280 and 260 nm) were collected at 2-h intervals to ensure no 
further change in the profiles was observed. The rotor speed was then increased and 
the procedure repeated. Data were collected on samples of 5-20 uM SAMHD1c at 
8,000, 10,000, 12,000 and 14,000 r.p.m. along with a scan at 42krpm to determine 
any residual absorbance. The program SEDPHAT” was used to determine weight- 
averaged molecular masses by nonlinear fitting of individual multi-speed equilib- 
rium profiles to a single-species ideal solution model. Inspection of these data 
revealed that the molecular masses showed significant concentration dependency 
and so global fitting of a monomer-dimer equilibrium model incorporating the 
data from multiple speeds and multiple sample concentrations was applied to 
extract the monomer molecular mass and dimerization association constant. 
Crystallization and structure determination. SAMHDIc was initially crystal- 
lized by vapour diffusion using an Oryx crystallization robot (Douglas instruments). 
Crystals of the native protein were obtained from 0.1 il droplets containing an equal 
volume of 15 mg ml! protein in 20mM Tris-HCl, 150 mM NaCl, 5mM MgCl, 
0.5mM TCEP pH 8.0 mixed with 20% PEG3350, 0.1 M Na,HPO,. Crystal quality 
was further improved by micro-seeding into fresh drops equilibrated under the 
same conditions. The crystals belong to the space group P1 with cell dimensions 
of a=81.5A, b=95.8A, c=96.7A, and x =91.2°, B = 109.2°, y = 115.2°, with 
four copies of SAMHD1c in the unit cell. For data collection, crystals were adjusted 
to 20% glycerol and then flash frozen in liquid nitrogen. A data set was collected on 
beamline 104 at the Diamond Light Source at 0.980 A, corresponding to the anom- 
alous f’’ peak wavelength for selenium determined from a fluorescence scan. Data 
were reduced using the HKL suite** and the structure was determined by SAD 
methods implemented in Phenix”. Phenix.autosol located 39 of a possible 40 
selenium atoms. Identification of the NCS operator and the application of fourfold 
averaging, density modification and phase extension resulted in an overall FOM of 
0.65. A partial model of a single molecule was built into the electron density using 
Coot, and molecular replacement was then used to position the other three copies. 
Further rebuilding and incorporation of metal ions and ligands in Coot combined 
with grouped B-factor and TLS refinement in phenix.refine produced a final model 
for residues Asp 120-Asp 583 of SAMHDIc. In the model, 97% of residues have 
backbone dihedral angles in the favoured region of the Ramachandran plot and the 
remaining 3% fall in the additionally allowed regions. Details of data collection and 
refinement statistics are presented in Supplementary Table 1. In the four molecules, 
residues spanning Asp 120-Asp 583 are visible in the electron density map but 
regions Glu 277-Leu 284, the C-terminal 43 residues (Gly 584-Met 626) and the 
N-terminal Strep-tag are poorly ordered. The region spanning Asp 506-Glu 547 is 
also disordered and in each monomer varying portions of residues Ile 515-Ile 530 
have been built. 
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Regulatory evolution through divergence of a 
phosphoswitch in the transcription factor CEBPB 


Vincent J. Lynch’, Gemma May! & Giinter P. Wagner! 


There is an emerging consensus that gene regulation evolves through 
changes in cis-regulatory elements’” and transcription factors*° 
Although it is clear how nucleotide substitutions in cis-regulatory 
elements affect gene expression, it is not clear how amino-acid sub- 
stitutions in transcription factors influence gene regulation* °. Here 
we show that amino-acid changes in the transcription factor CCAAT/ 
enhancer binding protein-f (CEBPB, also known as C/EBP-f) in the 
stem-lineage of placental mammals changed the way it responds to 
cyclic AMP/protein kinase A (CAMP/PKA) signalling. By functionally 
analysing resurrected ancestral proteins, we identify three amino-acid 
substitutions in an internal regulatory domain of CEBPB that are 
responsible for the novel function. These amino-acid substitutions 
reorganize the location of key phosphorylation sites, introducing a 
new site and removing two ancestral sites, reversing the response of 
CEBPB to GSK-3B-mediated phosphorylation from repression to 
activation. We conclude that changing the response of transcription 
factors to signalling pathways can be an important mechanism of 
gene regulatory evolution. 

A major challenge in evolutionary and developmental biology is 
discovering the molecular mechanisms of gene regulatory evolution. 
Although it is clear that changes in transcription factors have contributed 
to the evolution of gene regulation’""’, most studies of gene regulatory 
evolution have focused on cis-regulatory elements'*'**. Thus, how 
mutations in transcription factors generate new regulatory functions is 
not well understood. 

The mammalian transcription factor CEBPB plays an essential role 
during pregnancy’**, including physically and functionally interacting 
with FOXO1A to activate prolactin (PRL) expression in endometrial 
stromal cells (ESCs)’?~* (Supplementary Fig. 1a). To test if this function 
evolved coincident with the origin of pregnancy in placental mammals, 
we assayed chicken, opossum and human CEBPB (LAP) and FOXO1A 
for their ability to transactivate luciferase expression from the ESC PRL 
enhancer. We found that each species’ CEBPB moderately trans- 
activated luciferase expression in HeLa and ESC (Fig. la, b). Co- 
expressed human FOXO1A and CEBPB cooperatively transactivated 
luciferase expression approximately 3.6-fold (Fig. 1a, b). In stark con- 
trast, co-expression of CEBPB and FOXO1A from opossum and 
chicken were unable to transactivate luciferase expression cooperatively 
(Fig. 1a, b). 

These results suggest that the cooperative CEBPB/FOXOLA inter- 
action evolved in placental mammals. To test this hypothesis we 
used maximum likelihood to reconstruct the sequence of the ancestral 
therian (AncTherian) and eutherian (AncEutherian) CEBPB and 
FOXOIA genes, synthesized them using human codon-usage and 
tested their function in the assay described above. We found that the 
AncEutherian CEBPB/FOXO1A complex strongly transactivated 
luciferase expression whereas the AncTherian complex was unable 
to do so (Fig. 1a, b). This derived cooperativity in placental mammals, 
however, does not result from a newly evolved physical interaction 
between CEBPB and FOXOIA because both the AncEutherian 
and AncTherian CEBPB proteins are able to interact physically with 
ancestral FOXOIA proteins (Fig. 1c). 


Previous studies have characterized several functionally distinct 
regions in CEBPB including three activation domains (ADM1-3), 
two internal regulatory domains (RD1-2) and a DNA-binding domain 
(DBD)”™**. To determine which domains and amino-acid substitu- 
tions are responsible for the derived function of CEBPB, we made 
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Figure 1 | CEBPB cooperatively regulates gene expression with FOXO1A in 
placental mammals. CEBPB and FOXO1A from human and the 
reconstructed ancestor of eutherian mammals (AncEu) cooperatively 
transactivate luciferase expression from the decidual prolactin promoter 
(dPRL) when co-transfected into HeLa (a) or human ESCs (b). Inset, the 
structure of the luciferase reporter vector and experimentally characterized 
transcription-factor binding sites. CEBPB and FOXO1A from non-mammals, 
including the reconstructed ancestor of therian mammals (AncTh), do not 
show cooperative upregulation. Luciferase values are shown as fold changes 
(mean = s.e.m., 1 = 6) relative to the reporter control (dPRL). ¢, Both the 
ancestral therian and eutherian CEBPB proteins directly interact. CEBPB-V5/ 
His and FOXO1A-Flag were expressed in HeLa cells and immunoprecipitated 
with anti-Flag agarose beads followed by DNase treatment. 
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amino (N)-terminal truncation mutants of the AncTherian and 
AncEutherian CEPBPB genes and tested their ability to transactivate 
luciferase expression when co-expressed with FOXO1A. Deletion of 
ADM1 (A39) or ADM1-2 (A109) abrogated the transactivation ability 
of the AncEutherian protein whereas the ADM1-3 (A131) deletion 
restored transactivation. Deletion of RD1 (A175) and the region 
between RD1 and RD2 (A200) had little effect on the enhanced activa- 
tion of A131. Deletion of RD2 (A236), however, reduced the trans- 
activation ability of the AncEutherian protein to that observed for the 
AncTherian protein (Fig. 2a), indicating that RD2 plays a critical role 
in PRL regulation. 

To test if the five eutherian-specific amino-acid changes within this 
region are responsible for the derived function in placental mammals, we 
reverted the derived amino acids in AncEutherian RD2 back to their 
ancestral state in the AncTherian protein and tested their ability to 
transactivate luciferase expression. We found that back mutation of 
derived sites one and two had no effect on transactivation, whereas back 
mutation of sites three, four and five resulted in a pronounced loss of 
transactivation ability (Fig. 2b). Next, we tested whether forward muta- 
tion of sites three, four and five was sufficient to impart a transactivation 
function to the AncTherian CEBPB. Unlike the progressive loss of func- 
tion observed for reverse mutations, forward mutation of sites three and 
four, alone or in combination, had no effect on the ability of AncTherian 
CEBPB to transactivate luciferase expression (Fig. 2b). Forward mutation 
of site five only modestly enhanced transactivation; however, forward 
mutation of sites three and four in combination with site five dramat- 
ically enhanced transactivation by the AncTherian CEBPB (Fig. 2b). 
Thus, although the amino-acid substitutions at sites three and four con- 
tribute to the derived regulatory ability of CEBPB in placental mammals, 
they are dependent on the amino-acid substitution at site five. 

Previous studies have shown that CEBPB is phosphorylated in res- 
ponse to cell-signalling, differentiation” and cAMP/PKA stimulation”®. 
We mapped known and predicted phosphorylation sites in CEBPB 
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and identified several differences between non-placental and placental 
mammals, including the loss of two ancestral serine phosphosites at 
sites three (S3A) and four (S4A) and the gain ofa serine phosphosite at 
site five (N5S) in placental mammals. These sites are generally 
conserved at state S-(S/T)-N outside placental mammals and at state 
A-A-S within placental mammals, suggesting they are functionally 
constrained (Fig. 2c). Remarkably, the eutherian-specific serine at site 
five has previously been shown to be phosphorylated by GSK-3f kinase 
in rat CEBPB”’. We confirmed that this site was phosphorylated in the 
AncEutherian CEBPB using nano-LC-ESI-MS/MS on purified protein 
in vitro phosphorylated with MAPK and GSK-3f kinases. Automated 
analysis of the tandem mass spectrometry (MS/MS) spectra indicated 
that the derived serine at site five is phosphorylated by GSK-3f kinases. 

To test if phosphorylation by GSK-3B plays a role in potentiating 
transactivation by CEBPB, we repeated our luciferase reporter assays 
with the ancestral CEBPB and FOXO1A proteins but blocked GSK-38 
phosphorylation with the kinase inhibitor 6-bromoindirubin 3’-oxime 
(BIO); if phosphorylation by GSK-3f is functionally important for trans- 
activation of reporter gene expression by CEBPB, then inhibiting this 
kinase should block transactivation. Indeed, we found that inhibiting 
GSK-36 blocked the ability of the AncEutherian CEBPB to transactivate 
luciferase expression from the dPRL enhancer (Fig. 2b). Unexpectedly, 
however, inhibiting GSK-38 dramatically potentiated transactivation by 
AncTherian CEBPB. These results indicate that the AncEutherian 
CEBPB is activated by GSK-3f, whereas the AncTherian CEBPB is 
repressed by GSK-3B (Fig. 2b). 

To determine which amino acids are responsible for interpreting GSK- 
3B-mediated phosphorylation as an inhibiting signal in AncTherian 
CEBPB and an activating signal in AncEutherian CEBPB, we com- 
pared the ability of back and forward mutated proteins to cooperatively 
transactivate luciferase expression with FOXOIA in the presence of 
BIO. We found that back mutation of site three, four and three/four in 
the AncEutherian CEBPB protein, which restores ancestral putative 
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Figure 2 | CEBPB evolved a novel GSK-3B phosphorylation site in an 
internal regulatory domain. a, N-terminal deletion mutants of ancestral 
eutherian (yellow) and ancestral therian (blue) CEBPB differentially 
transactivate the dPRL-luciferase reporter when co-transfected with FOXO1A. 
Deletion of regulatory domain 2 (RD2; A236) in the ancestral eutherian CEBPB 
protein reduces its transactivating ability to that of the ancestral therian protein. 
Luciferase values are shown as fold changes relative to the full-length (CDS) 
ancestral eutherian CEBPB protein (mean + s.e.m., n = 6). Red lines indicate 
the position of eutherian-specific amino-acid changes. b, Effect of forward and 
back mutation of sites three, four, and five in the ancestral therian (blue) and 
eutherian (yellow) CEBPB on transactivation in the presence of BIO (+) or BIO 
control (—) media. Luciferase values are shown relative to wild-type ancestral 
eutherian CEBPB (mean + s.e.m., n = 6); *wild-type proteins; lower-case 
letters indicate amino-acid state in the ancestral therian whereas upper-case 
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letters indicate the state in the ancestral eutherian. c, Amino-acid substitutions 
at sites three, four and five reposition the location of key phosphosites. RD2 
logos are shown for placental mammals and other species with the location of 
S/T phosphosites highlighted in yellow with the name of the phosphorylating 
kinases; nano-liquid chromatography-electrospray ionization/tandem mass 
spectrometry of in vitro phoshorylated ancestral eutherian CEBPB confirmed 
site five (S5) is phosphorylated by GSK-3f. d, Mutational pathway between the 
ancestral therian (AncTh, blue) and eutherian (AncEu, yellow) functions. Each 
corner of the cube represents a possible intermediate state for amino acids at 
sites three, four and five; amino-acid identity at each state is shown as single 
letter amino code. Red edges show unlikely evolutionary paths through 
intermediate states that cannot transactivate reporter gene expression (red 
nodes), black edges show paths through functional intermediate states (green 
nodes). 
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phosphorylation sites that were lost in the stem lineage of placental 
mammals, recapitulated the dramatic enhancement of transactivation 
observed for AncTherian CEBPB in the presence of BIO (Fig. 2b). 
Conversely, forward mutations of sites three, four and three/four in 
the AncTherian CEBPB protein, which abolish the ancestral 
phosphorylation sites but do not introduce the derived phosphosite 
at site five, blocked its ability to transactivate reporter gene expression 
regardless of BIO treatment, leading to an essentially functionless 
protein in this assay (Fig. 2b). Incorporating a forward mutation at 
site five increased the transactivation ability of AncTherian CEBPB in 
the absence of BIO while maintaining a strong enhancement of trans- 
activation with BIO treatment; however, transactivation with BIO was 
lost upon forward mutations of sites three and four (Fig. 2b). We 
conclude that the N5S substitution probably came before $3A and 
S4A because these substitutions lead to non-functional proteins when 
not paired with N5S and evolution is unlikely to pass through such 
non-functional intermediates (Fig. 2d). 

Previous studies suggest that phosphorylation of RD2 induces a 
conformation change in CEBPB that disrupts intramolecular contacts 
between RD1-2, ADM1-3 and the bZIP/DNA-binding domain, lead- 
ing to activation of the intrinsically repressed protein'’”**”*. To infer 
the structural consequences of repositioning phosphorylation sites, we 
generated structural models of unphosphorylated and phosphorylated 
proteins using Rosetta/Robetta”’. The model of the unphosphorylated 
AncEutherian protein suggests that ADM1-3 and RD1-2 are 
intrinsically unstructured and collapsed into a tight knot-like bundle 
in close contact with the helical bZIP/DNA-binding domain (Fig. 3a) 
similar to previous molecular and biochemical models. In contrast, 
ADM1-3 and RD1-2 associate with neither each other nor the bZIP/ 
DNA-binding domain in the model of the phosphorylated AncEutherian 
CEBPB (Fig. 3a), freeing residues critical for nuclear localization 
and DNA binding from an intramolecular masking. Unlike the 
phosphorylated AncEutherian CEBPB, the model of the AncTherian 
CEBPB phosphorylated at ancestral sites three and four assumes the 
repressed, transcriptionally inactive, conformation (Fig. 3a). These 
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Figure 3 | Phosphorylation induces a conformation change in CEBPB. 

a, Structural models of unphosphorylated and phosphorylated ancestral 
therian (blue) and eutherian (yellow) CEBPB proteins. The model of the 
phosphorylated ancestral eutherian CEBPB is in the ‘active’ conformation 
whereas the model of the unphosphorylated ancestral therian CEBPB is in the 
‘active’ conformation. Sites three, four and five are shown as spheres. 

b, Ancestral therian (AncTh) and ancestral eutherian (AncEu) CEBPB protein 
grown in cells treated with the GSK-3f inhibitor BIO (+) or control (—) media 
are differentially digested by the 20S proteasome. The percentage of undigested 
protein after a 30-min digestion with the 20S proteasome is shown relative to 
input. c, Phosphorylation of site five induces a conformation change in the 
ancestral eutherian CEBPB. Incubation of in vitro phosphorylated human 
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structural models suggest the differential response of AncEutherian 
and AncTherian proteins to GSK-3f stimulation results from the 
acquisition of different conformational states upon phosphorylation. 
To test if GSK-3B-mediated phosphorylation induces a conforma- 
tion change in CEBPB, we immunoprecipitated AncEutherian and 
AncTherian proteins from BIO-treated or control HeLa cells and 
incubated the purified protein with 20S proteasome, which degrades 
proteins with extended unstructured regions**. We found that the 
AncEutherian CEBPB isolated from BlIO-treated cells was less effi- 
ciently degraded than protein from untreated cells, suggesting that 
inhibiting GSK-3B shifts the conformation of the AncEutherian 
CEBPB to the inactive state, which prevents digestion by the 20S 
proteasome (Fig. 3b). In contrast, AncTherian CEBPB isolated from 
BlO-treated cells was more efficiently degraded than protein isolated 
from untreated cells, suggesting that inhibiting GSK-3B shifted the 
conformation of the AncTherian CEBPB to the active state (Fig. 3b). 
To test if GSK-3B-mediated phosphorylation of site five is 
important for inducing a conformation change in AncEutherian 
CEBPB, we immunopurified transiently expressed wild-type and site 
five back-mutated AncEutherian CEBPB in HeLa cells, and either in 
vitro phosphorylated the protein with MAPK/GSK-3B kinases or 
dephosphorylated it with calf intestinal alkaline phosphatase. We 
found that in vitro phosphorylated wild-type AncEutherian CEBPB 
was nearly completely degraded by the 20S proteasome, but that back 
mutation at site five and dephosphorylation protected the protein 
from degradation (Fig. 3c). These results suggest that in the ancestral 
state (likely) phosphorylation of sites three and/or four flips the con- 
formation of CEBPB to the closed, transcriptionally repressed state. In 
contrast, in the derived-state phosphorylation at site five flips the 
switch to the open, transcriptionally active conformation (Fig. 3d). 
These results uncover a potentially important mechanism of gene 
regulatory evolution and suggest that evolution can affect transcription 
factor functions in a cell-type-dependent way, probably avoiding 
deleterious pleiotropic effects on functions in different cellular and 
developmental contexts. Thus, modification of phosphorylation sites 


| -{GSK-3B} 


AncEu AncEu AncEu+ 


(pHsa) and ancestral eutherian (pAncEu) CEBPB with purified 20S 
proteasome leads to protein degradation whereas dephosphorylated proteins 
(dHsa, dAncEu) are protected from degradation. Back mutation of site 5 
(pAncEu-SS) decreases susceptibility of the in vitro phosphorylated protein to 
degradation. Arrows indicate CEBPB bands in Coomassie-blue-stained gel. 
d, Models of the conformational phospho-switch in CEBPB. Phosphorylation 
of the ancestral therian CEBPB (top) at sites three (S3) and four (S4) by GSK-3B 
flips the switch from the ‘active’ conformation (light blue) to the ‘inactive’ 
conformation (dark blue). In contrast, phosphorylation of the ancestral 
eutherian CEBPB (bottom) at site five (S5) by GSK-3f flips the switch from the 
‘inactive’ conformation (dark yellow) to the ‘active’ conformation (yellow). 
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in transcription factors can facilitate gene regulatory innovation by 
altering kinase-signalling-dependent transcriptional networks. 


METHODS SUMMARY 


We used maximum-likelihood models implemented in CODEML in the PAML4 
package of programs to reconstruct ancestral sequences under a JTT+I°4 model 
and the phylogeny shown in Supplementary Fig. 1. HeLa and human ESCs were 
transiently transfected with 2ng of Renilla control (pGL4.71), 50ng of dPRL 
luciferase reporter (dPRL-332/Luc3) and 200 ng of expression vector. Protein 
samples for co-immunoprecipitation, 20S assay and proteomics were isolated 
from the nuclear fraction of cell protein, treated with 50 U DNase (Roche) and 
2.5 ug RNase (Roche) for 60 min at room temperature and washed three times 
with 1 ml of lysis buffer. For in vitro phosphorylation assays, immunoprecipitated 
proteins were either incubated with MAPK/GSK-3B and ATP or calf intestinal 
phosphatase. For 20S assays, in vitro phosphorylated and dephosphorylated 
protein was incubated for 1 h at 37 °C with 1 yg purified human 20S proteosome 
(Enzo Life Sciences). Immunoprecipitated proteins were either excised from SDS- 
polyacrylamide gel electrophoresis gels and processed for nano-LC-ESI-MS/MS or 
transferred to a PVDF membrane for western blotting. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Identification and cloning of CEBPB genes. CEBPB genes were identified from 
BLAST/BLAT searches of whole-genome databases at the National Center for 
Biotechnology Information, University of California, Santa Cruz, and Ensembl 
including anole (Anolis carolinensis), chicken (Gallus gallus), zebra finch 
(Taeniopygia guttata), opossum (Monodelphis domestica), wallaby (Macropus 
eugenii), armadillo (Dasypus novemcinctus), elephant (Loxodonta africana), 
two-toed sloth (Choloepus hoffmanni), cow (Bos taurus), dolphin (Tursiops 
truncates), Seba’s short-tailed bat (Carollia perspicillata), flying fox (Pteropus 
vampyrus), horse (Equus caballus), dog (Canis familiaris), rat (Rattus norvegicus), 
mouse (Mus musculus), rabbit (Oryctolagus cuniculus), guinea pig (Cavia porcellus), 
pika (Ochotona princeps), marmoset (Callithrix jacchus), macaque (Macaca 
mulatta), orang-utan (Pongo pygmaeus), gorilla (Gorilla gorilla), chimpanzee 
(Pan troglodytes) and human (Homo sapiens). 

We amplified CEBPB by PCR from the genomic DNA of two snakes (Lichanura 
trivirgata and Eryx jayakari) and two lizards (Chalcides chalcides and Sceloporus 
undulatus) using amniote-specific primers (forward: 5’-CCTTTAAATCCA 
TGGAAGTGGC-3’; reverse: 5’-GACAAGCACAGCGACGAGTA-3’). PCR 
products were cloned into the pGEM-T vector (Promega). Cloned PCR products 
were sequenced in both directions by dideoxy chain termination using BigDye 
chemistry and an automated sequencer. Multiple colonies (at least four) were 
sequenced for each species. 

Ancestral sequence reconstruction. To estimate the substitution rate of the 49 
amino acids within and outside placental mammals, we used CODEML in 
PAML4.0, the tree shown in Supplementary Fig. 1, and £34 codon frequencies. 
Ancestral sequences were inferred with PAML, which uses maximum likelihood 
and an empirical Bayes approach to estimate ancestral character states, and the 
phylogeny shown in Supplementary Fig. 1. The Bayesian posterior probability at 
each site of the reconstructed therian CEBPB ancestral sequence (AncTherian) 
was 0.96 and the probability of the eutherian CEBPB (AncEutherian) ancestral 
sequence was 1.0. Ancestral FOXO1A sequences were also inferred with 
CODEML using the same species for the CEBPB reconstruction. The Bayesian 
posterior probability of the reconstructed therian FOXO1A ancestral sequence 
was 0.96 and the probability of the eutherian FOXO1A ancestral sequence was 
0.98. 

CEBPB expression vector construction. We amplified CEBPB by PCR from the 
cDNA of human (Homo sapiens), opossum (Monodelphis domesticus) and chicken 
(Gallus gallus) using primers to designed specific to each species for LAP, the isoform 
of CEBPB expressed in ESCs. PCR products were cloned into the mammalian 
expression vector pcDNA3.1(+)-V5/His (Invitrogen) and verified by sequencing. 
Deletions were made by PCR and cloned into pcDNA3.1(+)-V5/His. Site-directed 
mutagenesis was performed with the QuickChange Lightning Site Directed 
Mutagensis kit (Stratagene). 

The ancestral therian and ancestral eutherian genes were synthesized by 
GeneScript Corporation with human-optimized codon usage and ligated into 
pcDNA3.1(+)-V5/His. Proper expression and nuclear localization of all tagged 
CEBPB and FOXO1A genes was checked by western blotting using an anti-V5 
antibody and nuclear lysate. 

Cell culture and luciferase reporter assays. HeLa cells were grown in DMEM 
supplemented with 10% FBS. Human ESCs were grown in DMEM supplemented 
with charcoal stripped 10% FBS and differentiated with the progesterone analogue 
MPA and cAMP. Cells were transiently transfected with transIT-LT1 (Mirus) 
according to the manufacturer’s protocol with 2 ng of the Renilla control vector 
(pGL4.71) and 50 ng of the dPRL luciferase reporter. Depending on treatment, 
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cells were co-transfected with either 200 ng empty pcDNA3.1(+)-V5/His, 100 ng 
of the FOXO1A expression vector and 100 ng of one of the CEBPB expression 
vector. Luciferase expression was assayed 48h after transfection using the Dual 
Luciferase Reporter System (Promega). Each experiment was repeated four times, 
with eight replicates per experiment. GSK-3B was inhibited with 10 nM InSolution 
GSK-3 Inhibitor IX BIO (EMD Chemicals); control media included 10 nM GSK-3 
Inhibitor IX, control, MeBIO (EMD Chemicals). We note that caution should be 
taken when applying luciferase assay results to the situation in vivo; we are currently 
developing a knockdown/xeno-gene rescue system to test the applicability our 
results to in vivo systems. 

Co-immunoprecipitations and proteomics. HeLa and hESC cells were cultured 
as described above. Before transfection, cells were plated at a density of approxi- 
mately 4.4 X 10° cells per millilitre on 10-cm plates. The next day, CEBPB-V5/His 
construct was transfected into HeLa cells with either empty pcDNA3.1(+)-V5/His 
vector, or Flag~-FOXO1A pcDNA3.1 vector using Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol. A total of 12 mg of DNA was mixed with 
Lipofectamine (1:3) in 3 ml OptiMEM reduced serum media (Gibco) and incubated 
for 4h at 37 °C, before addition of 7 ml DMEM. After 16h the transfection media 
were removed and replaced with fresh DMEM, and the cells were incubated an 
additional 24h before collection. 

After removing DMEM and washing cells twice with PBS, 1 ml ice-cold lysis 
buffer (20 mM Tris, pH 8.0, 40 mM KCl, 10 mM MgCh, 10% glycerol, 1% Triton 
X-100, 1X Complete EDTA-free protease inhibitor cocktail (Roche), 1X 
PhosSTOP (Roche)) was added to each plate and cells were collected by scraping 
with a rubber spatula; they were then incubated on ice for 30 min after the addition 
of 5 M NaCl to a final concentration of 420 mM. Whole-cell lysate was cleared by 
centrifugation at 10,000g for 30 min at 4 °C, and supernatant was transferred to a 
clean microfuge tube. After equilibrating protein concentrations, 1 ml of sample 
was mixed with 40 ml of M2 anti-Flag agarose beads (Sigma) pre-washed with 
TNT buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Triton X-100), and 
rotated overnight at 4 °C. 

The next day, samples were treated with 50 U DNase (Roche) and 2.5 tig RNase 
(Roche) for 60 min at room temperature, as indicated. Samples were washed three 
times with 1 ml of Hepes Wash (10 mM Hepes, 150 mM NaCl, 0.5% Triton X-100). 
Between each wash, agarose beads were collected by centrifugation at 1,000g for 
1 min at 4°C and supernatant was removed. After the final wash, beads were 
re-suspended in elution buffer (500 mM Tris pH 7.5, 1M NaCl) and incubated 
for 1h at 4 °C. For in vitro phosphorylation assays, immunoprecipitated proteins 
were either incubated with MAPK/GSK-3B and ATP (New England Biolabs) or 
calf intestinal phosphatase (New England Biolabs) according to the manufacturer’s 
protocol. For 20S assays, in vitro phosphorylated and dephosphorylated protein 
was incubated for 30 min at 37 °C with 1 1g purified human 20S proteosome (Enzo 
Life Sciences) in 40 pil digestion buffer. 

Immunoprecipitated proteins were either excised from SDS-polyacrylamide gel 
electrophoresis gels and sent to the Keck Proteomics centre for further processing and 
nano-liquid chromatography-electrospray ionization/tandem mass spectrometry- 
based identification of post-translational modifications, or transferred to a PVDF 
membrane for western blotting. After transfer to PVDF, the membrane was 
blocked with TBS Tween20 + BSA (25mM Tris, 150mM NaCl, 3% BSA), then 
incubated with anti-V5-HRP antibody (1:5,000; Invitrogen) for 2h. Bands were 
visualized using the ECL SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Scientific). Membranes were stripped with Restore Western Blot 
stripping buffer (Thermo Scientific) and re-probed with anti-Flag-HRP antibody 
(1:100,000; Sigma). 
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RAF inhibitor resistance is mediated by dimerization 
of aberrantly spliced BRAF(V600E) 


Poulikos I. Poulikakos', Yogindra Persaud’, Manickam Janakiraman?, Xiangju Kong*, Charles Ng“, Gatien Moriceau*, Hubing Shi’, 
Mohammad Atefi*, Bjoern Titz®, May Tal Gabay', Maayan Salton®, Kimberly B. Dahlman’, Madhavi Tadi’, Jennifer A. Wargo’, 
Keith T. Flaherty’, Mark C. Kelley'®, Tom Misteli®, Paul B. Chapman", Jeffrey A. Sosman’, Thomas G. Graeber°, Antoni Ribas*”°, 


Roger S. Lo®°, Neal Rosen!’ & David B. Solit?""! 


Activated RAS promotes dimerization of members of the RAF kinase 
family'*. ATP-competitive RAF inhibitors activate ERK signal- 
ling*”’ by transactivating RAF dimers*. In melanomas with mutant 
BRAF(V600E), levels of RAS activation are low and these drugs bind 
to BRAF(V600E) monomers and inhibit their activity. This tumour- 
specific inhibition of ERK signalling results in a broad therapeutic 
index and RAF inhibitors have remarkable clinical activity in 
patients with melanomas that harbour mutant BRAF(V600E)*. 
However, resistance invariably develops. Here, we identify a new 
resistance mechanism. We find that a subset of cells resistant to 
vemurafenib (PLX4032, RG7204) express a 61-kDa variant form of 
BRAF(V600E), p61BRAF(V600E), which lacks exons 4-8, a region 
that encompasses the RAS-binding domain. p61BRAF(V600E) 
shows enhanced dimerization in cells with low levels of RAS activa- 
tion, as compared to full-length BRAF(V600E). In cells in which 
p61BRAF(V600E) is expressed endogenously or ectopically, ERK 
signalling is resistant to the RAF inhibitor. Moreover, a mutation 
that abolishes the dimerization of p61BRAF(V600E) restores its 
sensitivity to vemurafenib. Finally, we identified BRAF(V600E) 
splicing variants lacking the RAS-binding domain in the tumours 
of six of nineteen patients with acquired resistance to vemurafenib. 
These data support the model that inhibition of ERK signalling 
by RAF inhibitors is dependent on levels of RAS-GTP too low to 
support RAF dimerization and identify a novel mechanism of 
acquired resistance in patients: expression of splicing isoforms of 
BRAF(V600E) that dimerize in a RAS-independent manner. 

RAF inhibitors have remarkable clinical activity in mutant BRAF 
melanomas that is limited by acquisition of drug resistance®. To 
identify new mechanisms of resistance, we generated cell lines resistant 
to vemurafenib by exposing the BRAF-mutant (V600E) melanoma cell 
line SKMEL-239 to a high dose of drug (2 1M). At this concentration, 
vemurafenib effectively inhibited ERK signalling and induced cell cycle 
arrest and cell death (Fig. la-c, Supplementary Fig. 2a and data not 
shown). Five independent vemurafenib-resistant cell populations were 
generated after approximately 2 months of continuous drug exposure 
(Fig. 1a). We chose this approach rather than one of gradual adapta- 
tion to increasing concentrations of drug because it more closely repre- 
sents the clinical situation’. 

Resistance of SKMEL-239 cells to vemurafenib was associated with 
decreased sensitivity of ERK signalling to the drug (Fig. 1b, c and 
Supplementary Fig. 2b). Analysis revealed the presence of two distinct 
classes of resistant clones. In the first, exemplified by the C3 clone, the 
half-maximum inhibitory concentration (ICs59) for phosphorylated 
MEK (pMEK) inhibition was more than 100-fold higher than that of 


the parental cell line (Fig. 1d, e). Despite a similar degree of resistance 
to the anti-proliferative and pro-apoptotic effects of the drug, the 
second class of clones, exemplified by clone C5, demonstrated only a 
modest increase in pMEK ICsp (4.5-fold higher than the parental cell 
line). All five resistant clones retained sensitivity to the MEK inhibitor 
PD0325901 (ref. 9), albeit at slightly higher doses (Supplementary 
Fig. 3a, b). 

Analysis of DNA and complementary DNA derived from the five 
resistant clones showed that all retained expression of BRAF(V600E) 
(Supplementary Fig. 4a, b). We did not detect mutation in BRAF at the 
gatekeeper site'’, RAS mutation, upregulation of receptor tyrosine 
kinase activity or COT overexpression (Supplementary Fig. 5a, b and 
data not shown). Analysis of BRAF protein expression showed that 
each of the resistant clones expressed a 90 kDa band that comigrated 
with the band observed in parental cells. In the C1, C3 and C4 clones, a 
new band was also identified, at an approximate molecular weight of 
61 kDa (p61BRAF(V600E), Fig. 1c and Supplementary Fig. 2b). No 
band of this size was detected in parental SKMEL-239 cells or ina panel 
of 22 other melanoma cell lines (Supplementary Fig. 6). 

PCR analysis of cDNA showed the expected single transcript of 
2.3 kilobases, representing full-length BRAF, in parental cells and 
two transcripts of 2.3 kb and 1.7 kb in C3 cells. The 1.7-kb product 
was a BRAF transcript that contained the V600E mutation and an in- 
frame deletion of exons 4-8 (Fig. 2a and Supplementary Fig. 7). This 
1.7-kb transcript is predicted to encode a protein of 554 amino acids 
(molecular mass 61 kDa), consistent with the lower BRAF band detected 
by immunoblotting. Exons 4-8 include domains critical for RAF activa- 
tion, most notably, the RAS-binding domain (RBD) and the cysteine- 
rich domain (CRD)’. Analogous deletions in wild-type BRAF and CRAF 
promote RAF dimerization and render RAS activity dispensable for this 
process’*. The 61-kDa BRAF variant identified in C3 was also detected 
in clones C1 and C4 by quantitative PCR, with a primer that anneals 
specifically to the exons 3/9 junction (Supplementary Fig. 8). 
Inspection of the BRAF locus on chromosome 7q34 by array CGH 
data suggested no evidence of an intragenic somatic deletion within the 
BRAF gene. 

The 1.7-kb transcript was cloned into an expression vector and 
expressed in 293H cells, alone or together with full-length wild- 
type BRAF. ERK signalling was resistant to vemurafenib when 
p61BRAF(V600E) was ectopically expressed (Fig. 2b). Expression of 
p61BRAF(V600E) in parental SKMEL-239 cells or in HT-29 
(BRAF(V600E)) cells also resulted in failure of vemurafenib to inhibit 
ERK signalling effectively (Supplementary Fig. 9a, b). To test whether 
ERK signalling in C3 cells was dependent on p61BRAF(V600E), we 
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Figure 1 | Resistance to the RAF inhibitor vemurafenib (PLX4032) is 
associated with failure of the drug to inhibit ERK signalling. a, Vemurafenib 
ICso curves (at 5 days) for the SKMEL-239 parental cell line and five 
vemurafenib-resistant clones. b, Effects of 2 uM vemurafenib on ERK signalling 
in parental (Par) and resistant clones (C1-C5). c, Western blot for components 
of the ERK and AKT signalling pathways in parental and resistant clones (2 1M 


designed short interfering RNAs (siRNAs) directed against either the 
3/9 splice junction or a region within the exon 4-8 deletion to suppress 
selectively the expression of p61BRAF(V600E) or full-length BRAF, 
respectively. In parental cells, ERK signalling was inhibited by knock- 
down of full-length BRAF(V600E) (Supplementary Fig. 10a). In C3 
cells, phosphorylation of MEK, cyclin D1 expression and cell growth 
were inhibited upon knockdown of p61BRAF(V600E) but not of full- 
length wild-type BRAF, ARAF or CRAF (Supplementary Fig. 10b, c). 
Moreover, in C3 cells in which the expression of full-length BRAF or 
CRAF was knocked down, ERK signalling remained resistant to 
vemurafenib (Supplementary Fig. 10d). 

Vemurafenib inhibits the kinase activity of RAF immunoprecipitated 
from cells, but activates intracellular RAF in BRAF wild-type cells*. 
This indicates that the conditions required for transactivation in vivo 
are not recapitulated in the in vitro assay. We tested whether 
p61BRAF(V600E) is also sensitive to this inhibitor in vitro. Although 
the in vitro activity of p61 BRAF(V600E) was slightly higher than full- 
length BRAF(V600E), similar concentrations of vemurafenib caused 
their inhibition in vitro (Supplementary Fig. 11). These data indicate 
that resistance of p61BRAF(V600E) to vemurafenib is not due to its 
inability to bind the inhibitor. 

It has been shown that the amino terminus of RAF negatively regulates 
the carboxy-terminal catalytic domain” and that truncation of the N 
terminus results in constitutive dimerization of the protein in the 
absence of activated RAS'. To ask whether deletion of exons 4-8 
promotes dimerization of p61BRAF(V600E), we co-expressed two 
constructs encoding the same protein (either p61BRAF(V600E) or 
full-length BRAF(V600E)) but with different tags (Flag or V5) and 
then immunoblotted for V5 after immunoprecipitating Flag. As shown 
in Fig. 2c, dimerization of p61BRAF(V600E) was significantly elevated 
compared to that of full-length BRAF(V600E). The R509 residue is 
within the BRAF dimerization interface. Mutation of this residue to a 
histidine significantly diminishes dimerization of wild-type BRAF and 
results in loss of its catalytic activity in cells*’*. However, full-length 
BRAF(V600E/R509H) expressed in 293H cells retained its ability to 
fully activate ERK signalling and remained sensitive to vemurafenib 
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vemurafenib, 24h). d, Dose-response of pMEK and pERK downregulation at 
1h to increasing concentrations of vemurafenib in parental and two 
representative resistant clones (C3 and C5). e, Graphic representation of the 
chemiluminescent signal intensities from d and ICs9 values for inhibition of 
MEK phosphorylation by vemurafenib in the parental and C3 and C5 clones. 


(Fig. 2d). Moreover, BRAF(V600E/R509H) fully activated ERK signal- 
ling when expressed in either BRAF-null or ARAF/CRAF-null mouse 
embryonic fibroblasts (Supplementary Fig. 12a, b). These results show 
that, in contrast to wild-type BRAF, BRAF(V600E) can signal as a 
monomer and that active RAS and dimerization are not necessary 
for its activation. 

Our model implies that, in tumours with BRAF(V600E), elevation of 
RAS-GTP or alterations that cause increased RAF dimerization in the 
absence of RAS activation will confer resistance to RAF inhibitors*’*. To 
test whether resistance mediated by p61BRAF(V600E) was the result of 
elevated dimer formation, we introduced the R509H dimerization- 
deficient mutation into p61BRAF(V600E). In 293H cells expressing 
p61BRAF(V600E), phosphorylation of ERK was elevated and was 
insensitive to vemurafenib (Fig. 2e). ERK activity was also elevated in 
cells expressing p61BRAF(V600E/R509H), but to a slightly lesser 
degree. p61BRAF(V600E/R509H) showed impaired dimerization, con- 
firming that the R509H mutation located within the dimerization inter- 
face disrupts the formation of p61RAF(V600E) dimers (Fig. 2c and 
Supplementary Fig. 13). Finally, this monomeric p61BRAF(V600E/ 
R509H) was sensitive to RAF inhibitors; in cells ectopically expressing 
this mutant, ERK signalling was inhibited by vemurafenib (Fig. 2e). 
Thus, the R509H mutation restores sensitivity to the RAF inhibitor 
by impairing dimerization of p61BRAF(V600E). 

To determine whether BRAF variants can account for clinical 
resistance to RAF inhibitors, we analysed tumours from nineteen 
melanoma patients with acquired resistance to vemurafenib. PCR 
analysis of cDNA from pre-treatment samples showed a single band 
of the expected size (2.3 kb), which was sequenced and confirmed to 
include both BRAF(V600E) and wild-type BRAF transcripts (Fig. 3a, b 
and data not shown). We identified two PCR products in six of 
the post-treatment progression samples, including three with match- 
ing pre-treatment samples. The shorter PCR products encoded 
BRAF(V600E) transcripts lacking exons 4-10 (patient 1), exons 4-8, 
(patient 11, identical to the variant identified in the resistant cell lines), 
exons 2-8 (patient 12), or exons 2-10 (patients 5, 6 and 19) (Fig. 3a-c, 
Supplementary Table 1). Mutations in NRAS were identified in 4 of 19 
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Figure 2 | A BRAF(V600E) variant that lacks exons 4-8 is resistant to the 
RAF inhibitor vemurafenib. a, PCR analysis of BRAF in cDNA from parental 
(Par) and C3 cells. Sequencing of the 1.7-kb product expressed in the C3 clones, 
but not in parental cells, revealed an in-frame deletion of five exons (4-8) in cis 
with the V600E mutation. aa, amino acids; CR1, conserved region 1; CR2, 
conserved region 2; CR3, conserved region 3; CRD, cystine-rich domain; RBD, 
RAS-binding domain. b, Full-length wild-type BRAF and the 1.7 kb/61 kDa 
splice variant of BRAF(V600E) (p61VE) were expressed in 293H cells. The 
effect of vemurafenib (2 1.M for 1h) on ERK signalling in the presence of 
p61BRAF(V600E) was analysed by western blot for pMEK and pERK. exp., 
exposure. c, To compare levels of dimerization, 293H cells co-expressing Flag- 
tagged and V5-tagged p61BRAF(V600E), full-length BRAF(V600E) and the 
corresponding dimerization-deficient mutants p61BRAF(V600E/R509H) and 
BRAF(V600E/R509H) were lysed followed by immunoprecipitation (IP) with 
Flag antibody. Western blotting (Blot) with anti-V5 or anti-Flag antibodies was 
performed as indicated. WCL, whole-cell lysate. d, Comparison of MEK/ERK 
activation and sensitivity of ERK signalling to vemurafenib (2 1M for 1h) in 
293H cells expressing either Flag-tagged BRAF(V600E) or the dimerization 
mutant Flag-tagged BRAF(V600E/R509H). e, Constructs expressing V5- 
tagged BRAF(V600E), p61BRAF(V600E) or the dimerization mutant 
p61BRAF(V600E/R509H) were transfected into 293H cells and treated with 
DMSO or 2 1M vemurafenib for 1h. 


progression samples and were found to be mutually exclusive with 
BRAF splicing variants. BRAF splicing variants were not detected in 
two samples derived from patients with intrinsic resistance (patient 20 
shown) or in 27 additional melanomas resected from vemurafenib-naive 
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Figure 3 | Identification of splice variants of BRAF(V600E) in human 
tumours resistant to vemurafenib. a, PCR analysis of cDNA derived from 
tumour samples from patients treated with vemurafenib. In samples with only 
one band (full-length BRAF), both BRAF(V600E) and wild-type BRAF (1+2) 
were detected. In resistant tumour samples expressing shorter transcripts, the 
shorter transcript was a splicing variant of BRAF(V600E) (3, 4, 5). The figure 
shows samples from three patients with acquired resistance to vemurafenib: 
baseline (B) and disease progression (DP) samples from patient (Pt) 1 and post- 
treatment samples from patients 11 and 12. A tumour sample from a patient 
with de novo resistance to vemurafenib (patient 20) is also shown. The 
intermediate band in samples expressing splicing variants (Pts 1, 11, 12) is an 
artefact of the PCR reaction resulting from switching between two very similar 
templates. Representative Sanger sequencing traces showing the junction 
between exons 3 and 11 in the DP sample from patient 1 compared to the full- 
length transcript derived from the baseline pre-treatment sample. b, As in 

a, baseline (B) and disease progression (DP) samples from a patient with an 
exon 2-10 deletion. RNA/cDNA levels of the exon 2-10 deletion were 
determined by qPCR using an exon 1/11 junction primer. The data are shown 
as the average of duplicates and expressed as relative levels between patient- 
matched samples. c, Exon organization of the splicing variants found in 
tumours from six patients that initially responded and then progressed on 
vemurafenib. 


patients (Fig. 3a, Supplementary Table 1 and data not shown). Thus, 
we did not detect significant levels of BRAF splicing variants in 
melanoma cell lines and tumours that have not been exposed to RAF 
inhibitors. However, the assay used cannot exclude the possibility that 
such variants may be expressed in small amounts before drug selection 
and subsequently selected under conditions of continuous treatment 
with the drug. 

In tumours from patients that have been analysed, resistance to 
vemurafenib is frequently associated with inability of the drug to inhibit 
ERK signalling’*. Our model indicates that this can be due to increased 
RAF dimer formation in the cell*. This can happen in at least two ways: 
increasing RAS-GTP levels and induction of RAS-independent 
dimerization (Supplementary Fig. 1a, b). NRAS mutation has recently 
been reported in resistant tumours’. Other mechanisms of resistance 
to RAF inhibitors in model systems and in patients have also been 
reported, including activation of receptor tyrosine kinases, COT over- 
expression and MEK1 mutation’***. We now reporta lesion in patient 
tumours that results in RAF inhibitor resistance by inducing 
increased, RAS-independent dimerization. 
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Expression of BRAF(V600E) splicing variants is the first resistance 
mechanism identified that involves a structural change in BRAF. In 
each case, the alternative splicing forms identified in the cell lines and 
patients were in-frame and confined to the mutant BRAF allele. This 
suggests that generation of the splicing variants is probably due to a 
mutation or epigenetic change that affects BRAF splicing and not toa 
loss of global splicing fidelity’’. The identification of BRAF variants 
lacking the RAS-binding domain in six of nineteen patients with 
acquired resistance indicates that this mechanism is clinically import- 
ant. Acquired resistance mediated by BRAF(V600E) splicing variants 
is due to insensitivity of the enzyme to RAF inhibitors. These tumours 
should retain sensitivity to inhibitors of downstream components of 
the pathway such as MEK, which was indeed the case (Supplemen- 
tary Fig. 3). Therefore, MEK inhibitors used in combination with 
vemurafenib could delay or prevent resistance by this mechanism. 


METHODS SUMMARY 

Vemurafenib”” (PLX4032) was obtained from Plexxikon. PD0325901 was 
synthesized in the MSKCC Organic Synthesis Core Facility by O. Ouerfelli. 
Flag-tagged BRAF constructs have been described previously*. All other plasmids 
were created using standard cloning methods, with pcDNA3.1 (Invitrogen) as a 
vector. Mutations were introduced using a site-directed mutagenesis kit 
(Stratagene). The C1-5 vemurafenib-resistant cells were generated by continuous 
exposure of parental SKMEL-239 cells to 21M of drug until the emergence of 
resistant colonies. Single-cell cloning was then performed before biological 
characterization. 

For cDNA preparation, a Superscript III First-Strand Synthesis kit (Invitrogen) 
was used. Sanger sequencing of the products was performed by Genewiz. For qPCR 
analysis, CDNA synthesis was carried out with the High Capacity cDNA Reverse 
Transcription kit (Applied Biosystems). qPCR was performed with a iQ SYBR 
Green RT-PCR Super Mix (Bio-Rad) and a C1000 Thermal Cycler (Bio-Rad). The 
comparative C, method was used to quantify transcripts and delta C, was measured 
in triplicate. Sequences of all primers used are available upon request. 

Melanoma tumour specimens from patients treated with vemurafenib were 
collected following IRB-approved protocols and were flash-frozen immediately 
after resection or biopsy. To determine tumour content, 5-j1m sections were cut, 
stained with haematoxylin and eosin, and scored by a pathologist. If the specimen 
had >70% tumour content (excluding necrosis), the remainder of the frozen 
tumour was homogenized using a Bullet Blender (Next Advance) with 0.9-2 mm 
stainless steel beads for 5 min at a speed setting of 10. RNA was then extracted from 
the tumour homogenate using an RNeasy Mini kit (Qiagen) and quantified. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Compounds. Vemurafenib (PLX4032) was obtained from Plexxikon. PD0325901 
was synthesized by O. Ouerfelli. Drugs were dissolved in DMSO and stored at —20 °C. 
Cell proliferation and cell cycle analysis. All melanoma cell lines were generated 
by A. Houghton or obtained from ATCC. 293H cells were obtained from Invitrogen. 
Cells were maintained in DMEM (293H and mouse embryonic fibroblasts), or 
RPMI (all other cell lines) supplemented with 2mM glutamine, antibiotics and 
10% fetal bovine serum. We confirmed that all vemurafenib-resistant, SKMEL- 
239 clones were derived from the same patient by DNA fingerprinting’, thus 
excluding the possibility of cross contamination (Supplementary Table 2). For pro- 
liferation assays, cells were plated in 6-well plates and 24h later were treated with 
varying concentrations of inhibitors as indicated. IC;, values were calculated using 
Graph Pad Prism v.5. For cell cycle and apoptosis studies, cells were seeded in 6-well 
dishes the day before drug treatment. For analysis, both adherent and floating cells 
were collected and stained with ethidium bromide as described previously~. 
Western blotting and receptor tyrosine kinase (RTK) arrays. Western blot 
analysis was performed as previously described’. The following antibodies were used: 
p217/p221-MEK (anti-pMEK), p202/p204-ERK (anti-pERK), anti-p338CRAF, 
anti-p473AKT, anti-MEK (Cell Signaling), anti-V5 tag (Invitrogen), anti-ARAF, 
anti-BRAF, anti-cyclin D1, anti-p27, anti-COT (Santa Cruz), anti-CRAF (BD 
Biosciences), anti-Flag tag, anti-B-actin (Sigma). For immunoprecipitations of 
tagged proteins: anti-Flag M2 affinity gel (Sigma). The Human Phospho-RTK array 
Kit (R&D Systems) was used to detect kinase activation within a panel of RTKs. 
Briefly, cells were plated in 10-cm dishes and collected after 24h. Following lysis, 
500 tg of lysate was applied to a membrane-anchored RTK array and incubated at 
4°C for 24h. Membranes were exposed to chemiluminescent reagents and images 
captured using an ImageQuant LAS 4000 instrument (GE HealthCare). 
Plasmids/transfections. Flag-tagged BRAF constructs have been described previ- 
ously*. All other plasmids were created using standard cloning methods, with 
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pcDNA3.1 (Invitrogen) as a vector. Mutations were introduced using a site-direc- 
ted mutagenesis kit (Stratagene). For transfection studies, cells were seeded into 
35-mm or 100-mm plates and transfected the following day using Lipofectamine 
2000 (Invitrogen). Cells were collected 24h later for subsequent analysis. 
Immunoprecipitations and kinase assays. Cells were lysed in lysis buffer (50 mM 
Tris, pH 7.5, 1% NP40, 150 mM NaCl, 10% glycerol, 1 mM EDTA) supplemented 
with protease and phosphatase inhibitor cocktail tablets (Roche). Immuno- 
precipitations were performed at 4 °C for 4h, followed by three washes with lysis 
buffer and, in cases of subsequent kinase assay, one final wash with kinase buffer 
(25mM Tris, pH 7.5, 10 mM MgCl). Kinase assays were conducted in the pres- 
ence of 200 uM ATP at 30 °C for 20 min with inactive MEK(K97R) (Millipore) asa 
substrate. The kinase reaction was terminated by adding sample buffer and boiling. 
Kinase activity was determined by immunoblotting for pMEK. 

siRNA knockdown. To selectively knockdown p61BRAF(V600E) or full-length 
BRAF, siRNA duplexes were designed to target the junction between exons 3 and 9 
(JC-1 and JC-2) or sequences within exons 4-8 (ex[4-8]-1 and ex[4-8]-2). The 
sequences are JC-1, 5’-GGACAGUGGACUUGAUUAGUVU-3’; JC-2, 5’-AGGA 
CAGUGGACUUGAUUAUU-3’; ex[4-8]-1, 5’-ACUGAUAUUUCCUGGCUU 
AUU-3’; ex[4-8]-2, 5’-CUGUCAAACAUGUGGUUAUUU-3’. To knockdown 
ARAF and CRAF we used siRNA pools. All siRNA duplexes were from 
Dharmacon and transfections were carried out with Lipofectamine 2000 
(Invitrogen) at a final siRNA concentration of 50 nM, according to the manufac- 
turer’s instructions. 72 h later, cells were either counted to estimate cell growth, or 
subjected to immunoblot analysis. 
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Chromatin-associated RNA interference components 
contribute to transcriptional regulation in Drosophila 


Filippo M. Cernilogar*+*, Maria Cristina Onorati**, Greg O. Kothe*, A. Maxwell Burroughs’, Krishna Mohan Parsi!?, 
Achim Breiling®, Federica Lo Sardo!, Alka Saxena’, Keita Miyoshi’, Haruhiko Siomi’, Mikiko C. Siomi”®, Piero Carninci”, 


David S. Gilmour*, Davide F. V. Corona? & Valerio Orlando! 


RNA interference (RNAi) pathways have evolved as important 
modulators of gene expression that operate in the cytoplasm by 
degrading RNA target molecules through the activity of short (21- 
30 nucleotide) RNAs'*®. RNAi components have been reported to 
have a role in the nucleus, as they are involved in epigenetic regulation 
and heterochromatin formation’'°. However, although RNAi- 
mediated post-transcriptional gene silencing is well documented, 
the mechanisms of RNAi-mediated transcriptional gene silencing 
and, in particular, the role of RNAi components in chromatin 
dynamics, especially in animal multicellular organisms, are elusive. 
Here we show that the key RNAi components Dicer 2 (DCR2) and 
Argonaute 2 (AGO2) associate with chromatin (with a strong pref- 
erence for euchromatic, transcriptionally active, loci) and interact 
with the core transcription machinery. Notably, loss of function of 
DCR2 or AGO2 showed that transcriptional defects are accompanied 
by the perturbation of RNA polymerase II positioning on promoters. 
Furthermore, after heat shock, both Dcr2 and Ago2 null mutations, as 
well as missense mutations that compromise the RNAi activity, 
impaired the global dynamics of RNA polymerase II. Finally, the deep 
sequencing of the AGO2-associated small RNAs (AGO2 RIP-seq) 
revealed that AGO2 is strongly enriched in small RNAs that encom- 
pass the promoter regions and other regions of heat-shock and other 
genetic loci on both the sense and antisense DNA strands, but with a 
strong bias for the antisense strand, particularly after heat shock. 
Taken together, our results show that DCR2 and AGO2 are globally 
associated with transcriptionally active loci and may have a pivotal 
role in shaping the transcriptome by controlling the processivity of 
RNA polymerase II. 

Accumulating evidence indicates that RNAi components and small 
RNAs function in the nucleus to control heterochromatin formation, 
as well as repeat-induced gene silencing and transposable element 
mobilization’ '°. However, the global association of RNAi components 
with chromatin and their role in transcriptional regulation remains to 
be elucidated. To investigate a role for RNAi in the chromatin 
dynamics of a multicellular organism and, possibly, in transcriptional 
gene silencing, we first determined whether any of the key RNAi 
components are present in the nucleus of Drosophila cells. Cellular 
fractionation of embryonic tissue culture cells (S2 cells) showed that 
the microRNA-processing factors DCR1 and AGO1, as well the RNAi 
component AGO2, are equally distributed between the cytoplasm and 
the nucleus (Supplementary Fig. 1a). By contrast, the RNAi protein 
DCR2 is greatly enriched in the nuclear fraction (Supplementary 
Fig. la). To evaluate the association of RNAi components with the 
different nuclear compartments, we carried out chromatin fractiona- 
tion experiments" (Supplementary Fig. 1b, c). A substantial amount of 


DCR2 and AGO2 was detected in chromatin fractions, together with 
RNA polymerase II (RNA Pol II), Negative elongation factor E (NELF- 
E), Polycomb (Pc) and histone H3 (Supplementary Fig. 1c). By con- 
trast, most of the cellular DCR1 and AGO1 was found in the Triton 
X-100 soluble fraction (S1 fraction), together with tubulin, a marker 
for proteins that are not associated with chromatin (Supplementary 
Fig. 1c). Taken together, our data indicate that the DCR2-AGO2 
complex is mainly associated with chromatin, whereas the 
DCRI-AGO1 complex is mostly cytoplasmic, in accordance with its 
cytoplasmic function (that is, post-transcriptional gene silencing). 

To determine whether RNAi components associate with chromatin 
in vivo, Drosophila polytene chromosomes were stained with AGO2- 
and DCR2-specific monoclonal antibodies*'*!’. Both AGO2 and 
DCR2 were detected at several hundred sites on polytene chromosomes 
from wild-type larvae (Supplementary Figs 1d, g and 2a, b). By contrast, 
little or no staining was detected in Ago2- or Der2-null chromosomes'* 
(Supplementary Fig. 1f, iand Supplementary Table 1a). Strikingly, the 
majority of AGO2- and DCR2-associated loci correspond to inter- 
bands, suggesting that AGO2 and DCR2 preferentially associate with 
euchromatic, transcriptionally active, loci’ (Supplementary Fig. 2a, b). 
In particular, the chromatin binding of DCR2 requires AGO2, but the 
converse is not true (Supplementary Fig. 3), suggesting that AGO2 
also acts as the RNAi effector complex on chromatin. 

Interestingly, AGO2 and DCR2 are present at the 87A and 87C 
cytogenetic loci (Supplementary Fig. le, h). These cytogenetic loci 
contain copies of the heat-shock gene Hsp70, thus providing well- 
characterized inducible candidate genes with which to investigate 
the role of DCR2 and AGO2 in transcription and, in particular, in 
RNA Pol II pausing regulation’*"®. To determine whether DCR2 and 
AGO2 affect Hsp70 transcription, Hsp70 transcript levels were mea- 
sured in control cells and in cells depleted of DCR2 or AGO2 
(Supplementary Fig. 4). The knockdown of either RNAi component 
resulted in a significant increase in Hsp70 transcripts in non-heat- 
shocked cells (Fig. 1a, b). Similar results were obtained for a second 
heat-shock gene, Hsp68 (Fig. 1a, b). The increased expression of Hsp70 
and Hsp68 in cells depleted of DCR2 could be reversed by the expres- 
sion of a Flag-tagged wild-type copy of DCR2 (DCR2-Flag) (Fig. 1c), 
indicating that the change in expression was not the result of an off- 
target effect of the Dcr2 RNAi. Interestingly, the levels of the endogen- 
ous AGO? protein increased together with the expression of wild-type 
DCR2-Flag (Supplementary Fig. 4a), suggesting that the DCR2-Flag 
protein is integrated into the RNAi pathway and that re-establishment 
of functional levels of DCR2 and AGO2 rescues the observed tran- 
scriptional defects in heat-shock genes. However, the depletion of 
DCR2 and AGO2 did not affect the expression of Hsp70 and Hsp68 
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Figure 1 | RNA Pol II promoter-proximal pausing on Hsp70 is decreased in 


cells treated with Dcr2 RNAi. a, b, Quantitative RT-PCR analysis of heat- 
shock (HS) gene transcripts. RNA from S2 cells treated with enhanced green 
fluorescent protein (EGFP) dsRNA (control), Der2 dsRNA (a) or Ago2 dsRNA 
(b) was analysed with primers specific for the indicated heat-shock genes. 

c, Induction of the Dcr2-Flag transgene is able to revert the phenotype induced 
by DCR2 depletion. S2 cells that had been stably transformed with a Dcr2-Flag 
transgene were treated with EGFP dsRNA (control) or Der2 dsRNA. Der2-Flag 
expression was induced only in the Dcr2 RNAi sample, by the addition of 
copper. The samples were analysed before and after a 72-h induction of the 
transgene. The transcript levels are shown with respect to the EGFP control 
(experiment:control ratio); n = 3. The bars represent the mean = s.d. d, Hsp70 
DNA-FISH on polytene chromosomes from wild type (WT), homozygous 
Der2'8®* (Der2~'~) or homozygous Ago2*!* (Ago2~‘~) mutant larvae, 
showing the merge of DNA (blue) and FISH (green) signals (top) and DNA 
staining (bottom). e, Schematic representation of the Hsp70 transcription unit 
with the position of the PCR amplicons used in this study. The numbers 
indicate the middle of each amplicon with respect to the transcription start site 
(arrow). f-h, ChIP analysis of the heat-shock gene Hsp70. Chromatin from S2 


during heat shock, suggesting that RNAi activity is not involved 
in heat-shock-gene-mediated activation (Supplementary Fig. 5a, b). 
Typically, the activation of heat-shock genes results in the chro- 
mosome decondensation of heat-shock loci, forming large puffs on 
polytene chromosomes’’. Therefore, we used DNA fluorescence in situ 
hybridization (DNA-FISH) to look at the chromatin structure of heat- 
shock loci in polytene chromosomes with specific null mutations of 
Der2 and Ago2: Der2'*"** and Ago2*"*. Interestingly, we observed that 
the 87C locus is partially decondensed in Der2'*!** and Ago2*! 
mutant chromosomes relative to the wild-type controls (Fig. 1d). The 
87C locus contains four copies of Hsp70 distributed over 30 kilobases. 
Decondensation was not evident at 87A, probably because this locus has 
only two copies of Hsp70 within a region of less than 10 kilobases. 
Because the data from PCR following reverse transcription (RT-PCR) 
and from cytogenetic analyses suggested that the maintenance of RNA 
Pol II pausing was defective, we used chromatin immunoprecipitation 
(ChIP) to measure the level of RNA Pol II with a phosphorylated Ser-5 
residue that was present on the Hsp70 gene before and after heat shock 
(Fig. le, f). The primers used for quantitative PCR analysis of the 
immunoprecipitated DNA spanned several regions of the Hsp70 gene. 
An upstream primer set centred at — 154 bases from the transcription 
start site was used to detect the heat-shock element; the +58 primer set 
encompassed the region of the paused polymerase’*; and two other 
primer sets were downstream within the transcription unit, extending 
towards the end of the gene (Fig. le). Consistent with previous obser- 
vations’*, the RNA Pol II profile observed in S2 cells showed a peak in 
the region of paused RNA Pol II (+58 primer set) (Fig. 1f), which 
increased after heat shock. Furthermore, ChIP analysis showed that 
DCR2 and AGO2 were present at the Hsp70 promoter region (— 154/ 
+58) (Fig. 1g, h and Supplementary Fig. 6). Interestingly, after heat 
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cells (S2) or S2 cells after exposure to heat shock (S2+HS) was 
immunoprecipitated with anti-RNA Pol II 4H8 (which recognizes the 
phosphorylated Ser-5 carboxy-terminal domain), anti-DCR2 or anti-AGO2 
antibodies. The bars represent the mean ~ s.d.; n = 3. i, j, ChIP analysis of 
Hsp70. Chromatin from $2 cells that had been treated with EGFP dsRNA 
(control) or Dcr2 dsRNA was immunoprecipitated with anti-RNA Pol II 4H8 
or anti-NELF-E antibodies. The resultant DNA was analysed by quantitative 
PCR. Protein binding is expressed as a percentage of input with the background 
signal subtracted. The bars represent the mean + s.d.; n = 3. The differences in 
RNA Pol II ChIP values in Fig. 2f, i are due to different batches of antibody used 
in these assays. k, Permanganate (MnO,) mapping of open transcription 
bubbles on Hsp70. Permanganate reacts with single-stranded thymine bases, 
such as those in an open transcription bubble, uncovering a transcriptionally 
engaged RNA Pol II. The autoradiograph includes a G/A ladder, which was 
used to determine the position of the bands, and shows the permanganate 
reactivity of thymines observed in S2 cells treated with EGFP dsRNA (control) 
or Dcr2 dsRNA. The hyper-reactive thymines +22 and +30 are labelled. Two 
independent biological samples were analysed. 1, The quantification of the 
autoradiograph is shown. exp., expression. 


shock, the levels of both DCR2 and AGO2 proteins increased in the 
Hsp70 promoter region (Fig. 1g, h, Supplementary Figs li, 6 and 
Methods). Consistent with RT-PCR and cytogenetic data, DCR2 
depletion consistently decreased the level of RNA Pol II on Hsp70 in 
the region of the paused polymerase (primer set +58) (Fig. 1i). 

We extended our ChIP analysis to the NELF-E protein, which is part 
of the transcriptional regulatory complex that causes RNA Pol II paus- 
ing'*’. Depletion of DCR2 caused the level of NELF-E on Hsp70 to 
decrease in the +58 region, where RNA Pol II pauses (Fig. 1j). The 
total cellular levels of RNA Pol II and NELF-E protein were not altered 
by DCR2 depletion (Supplementary Fig. 4b), indicating that the 
diminished level of RNA Pol II and NELF-E detected on Hsp70 is 
not a consequence of a decrease in the amount of available protein. 
Conversely, in DCR2-depleted cells, we observed a reduction in the 
level of the AGO2 protein (Supplementary Fig. 4b). This was not 
simply a result of cross-targeting of the double-stranded RNA 
(dsRNA) because the level of the Ago2 transcript was unaffected 
(Supplementary Fig. 4c). Likewise, Ago2 dsRNA resulted in reduced 
DCR2 protein levels (Supplementary Fig. 4d) without affecting Dcr2 
messenger RNA levels (Supplementary Fig. 4e). These results suggest 
that DCR2 and AGO2 stabilize each other in a protein complex that is 
important for repressing heat-shock genes in uninduced cells. 

Toconfirm that DCR2 depletion affected RNA Pol II pausing on Hsp70, 
we carried out permanganate footprinting analysis. Permanganate 
reacts with thymine bases in regions of single-stranded DNA, revealing 
the presence and location of transcriptionally engaged RNA Pol II. We 
observed a significant reduction in permanganate reactivity of thymine 
residues at +22 and +30 of Hsp70 in DCR2-depleted cells (Fig. 1k, 1), 
which is in agreement with the reduced occupancy of the DNA by RNA 
Pol II in this region (primer set +58) that was shown by ChIP (Fig. 1i). 
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Hence, DCR2 is involved in maintaining paused RNA Pol II at the 
observed Hsp70 loci. 

Heat-shock gene expression and loss of paused RNA Pol II on 
depletion of DCR2 could be a consequence of stress induced by deple- 
tion of the RNAi machinery in the cell. Therefore, we evaluated the 
impact of perturbing the RNAi pathway on the transcription of non- 
heat-shock genes. Four non-heat-shock genes (CG9008, fz, rho and 
mfas) that have paused RNA Pol II were analysed by permanganate 
footprinting’®”°. Depletion of DCR2 was found also to alter the distri- 
bution of RNA Pol II in the promoter-proximal region of these genes 
(Supplementary Fig. 7). These changes were also accompanied by 
differences in transcript levels (Supplementary Fig. 8). Notably, the 
observed changes in RNA Pol II resulted both in upregulation (for 
CG9008, fz and rho) and downregulation (mfas) of the corresponding 
transcripts (Supplementary Fig. 8). Thus, the RNAi machinery can 
influence RNA Pol II pausing at non-heat-shock genes, arguing against 
a nonspecific DCR2-induced heat-shock response. 

During heat shock, most of the Drosophila genome is transcriptionally 
quiescent. The elongating RNA Pol II dissociates from euchromatic 
interbands and accumulates at heat-shock loci*’. We used this dynamic 
RNA Pol II relocalization behaviour to follow the chromatin binding and 
distribution of elongating RNA Pol II (which is Ser-2-phosphorylated), 
as well as AGO2 and DCR2, in vivo. In agreement with the ChIP results 
(Fig. 1h), we found that, after heat shock, AGO2 accumulated at heat- 
shock loci (Fig. 2a). However, in contrast to RNA Pol II, the association 
of AGO2 with other loci appears unchanged (Fig. 2a). When we analysed 
the dynamic chromatin repositioning of RNA Pol II after heat shock in 
Ago2-null mutant chromosomes, we found that RNA Pol II was still 
accumulated at the heat-shock loci (Fig. 2b). Strikingly, a substantial 
fraction of elongating RNA Pol II in Ago2*!* mutants was retained at 
many euchromatic sites after heat shock (Fig. 2b). The same behaviour 
was observed for the Der2'*!** mutant (Supplementary Table 2). Taken 
together, these results show that AGO2 and DCR2 associate with many 
euchromatic sites and that their activity is probably required for the 
correct execution of global transcriptional repression after heat shock. 

To dissect the role of RNAi in RNA Pol II regulation, we used three 
mutants that each carried a single amino acid substitution affecting 
the following RNAi activities: the helicase (Der2''**"), the dicing 
(Der2?!49°) and the AGO2 slicing (Ago2”°™) activities’ (Sup- 
plementary Table la). To check for DCR2- and AGO2-specific 
requirements, we first used DNA-FISH to analyse chromosome 
decondensation at Hsp70 loci. Puffing frequencies were increased in 
all three mutants, particularly in the AGO2 slicing mutant 
(Ago2"°°™) (Supplementary Table 1b). In addition, in all of these 
mutants, the Hsp70A, Hsp70B and Hsp68 transcripts were present at 
increased levels before heat shock, compared with wild type 
(Supplementary Fig. 9). Interestingly, the transcript increase was also 
evident at 87A (Hsp70A), where the chromatin decondensation was 
not appreciable at a cytogenetic level (Supplementary Fig. 9 and 
Supplementary Table 1b). Thus, all tested mutants induced transcript 
upregulation of the Hsp70 genomic region, although this was not 
always accompanied by chromatin decondensation. The uncoupling 
of chromatin decondensation and transcriptional activation has been 
reported previously”, although in this case we cannot exclude an 
RNAi-dependent post-transcriptional mechanism influencing the 
Hsp70A transcript levels. 

Next, we analysed RNA Pol II distribution and dynamics on 
polytene chromosomes in the same Dcer2 and Ago2 mutants. 
Remarkably, although with a different degree of penetrance, all three 
mutants failed to relocalize elongating RNA Pol II after heat shock 
(Fig. 2c-fand Supplementary Table 2), suggesting that RNAi enzymatic 
activity is involved in the global RNA Pol II dynamics following the 
heat-shock stress response. 

The association of RNAi components with RNA Pol II complexes 
has been reported in other systems***’. To investigate the possibility 
that these proteins are part of a complex that regulates RNA Pol II 
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Figure 2 | Chromatin localization of RNA Pol II and AGO2 after heat 
shock. a, b, Co-immunolocalization of AGO2 (red) and elongating RNA Pol II 
(green) in WT (a) and homozygous Ago2*’* (Ago2'~) mutant chromosomes 
(b) after heat shock (HS). DNA is stained in blue. Single signals are shown in 
black and white. The bottom row shows a higher magnification of the boxed area 
(top right). c-f, Immunolocalization of elongating RNA Pol II (green) in WT 
(c) and homozygous Ago2’*°™ (d), homozygous Der2"8" (e) and homozygous 
Der2’!4°° (£) chromosomes shows that missense mutations in DCR2 or AGO2 
influence the behaviour of elongating RNA Pol II. DNA is stained in blue. 
Chromosomes in the bottom panel have been exposed to heat shock. 
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elongation, thus establishing a link with the observed ‘pausing’ defects, 
we tested for interactions between DCR2, NELF-E and RNA Pol II in 
nuclear extracts derived from Drosophila S2 cells. Immunoprecipitated 
fractions were evaluated by western blotting for the presence of RNA 
Pol II, DCR2, AGO2 and NELF-E (Fig. 3a). As expected, DCR2 inter- 
acted with AGO2 (ref. 28) (Fig. 3a). In addition, we found that DCR2 
and AGO2 interacted with RNA Pol II and NELF-E (Fig. 3a). All of 
these interactions were resistant to RNase treatment, indicating that 
they are not an indirect consequence of protein trapping associated 
with emerging RNA molecules (Supplementary Fig. 10a). Compared 
with general transcription factors, the amount of RNA Pol II interact- 
ing with DCR2 seems to be in the same range as for the TATA-binding 
protein (TBP), confirming the association of DCR2 with many active 
loci on polytene chromosomes (Fig. 3b). When we tested the same 
interaction in DCR2-depleted cells, we observed a decrease in the levels 
of NELF-E and AGO2 associated with RNA Pol II (Supplemen- 
tary Fig. 10b). These observations indicate that the DCR2-AGO2 
complex influences the association of NELF-E with RNA Pol II, 
thereby providing a possible explanation for the observation that the 


15 DECEMBER 2011 VOL 480 | NATURE | 393 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


2 s # 
S Ss gq & 
kDa 5 @ 8 § & 
7 — ——« Pol II 
_—— 
175 
aa 
175 oo pes | DOR2 
Longer: exposure 
DCR2 
AGO2 
eeu 
e .. id = NELF-E 
32 
~ 
b IPs 
=) S 
Qa Q 
Cc Cc N = 
x x o@ 6 & FS 
ir) = 2 a Ee a 
_— -_— -— & Pol Il 
—_- 
— 


Figure 3 | DCR2 and the RNAi effector protein AGO2 associate with RNA 
Pol II and NELF-E. a, Nuclear extracts from Drosophila S2 cells were 
immunoprecipitated with antibodies specific for the indicated proteins (with 
IgG as a negative control, top), and the immunoprecipitates (IPs) were analysed 
by western blotting for the presence of RNA Pol II, DCR2, AGO2 and NELF-E 
proteins. b, Nuclear extracts from S2 cells were immunoprecipitated with 
antibodies specific for the indicated proteins (with IgG as a negative control, 
top) and analysed by western blotting for the presence of RNA Pol II. 


depletion of DCR2 alters the behaviour of RNA Pol II in the promoter- 
proximal region of several genes. 

Our data indicate an involvement of the RNAi machinery in the 
heat-shock stress response. To evaluate possible heat-shock-induced 
changes in the expression signature of AGO2-dependent small RNAs, 
we sequenced small RNAs bound to AGO2 before and after heat shock. 
Small RNA libraries from S2 cells were generated from RNA fractions 
obtained by immunoprecipitation with antibodies against AGO2 or 
with control IgG, with or without heat shock (Supplementary Fig. 11). 
Basic statistical parameters for the four libraries are listed in Sup- 
plementary Table 3. Many sequenced tags mapped to repeat regions 
in more than one location (Supplementary Fig. 12), which is consistent 
with previous Drosophila deep-sequenced AGO2-immunoprecipita- 
tion libraries**. First, we focused our attention on the heat-shock pro- 
moter regions (500 base pairs (bp) upstream and 50 bp downstream of 
the transcription start site). We found that heat-shock loci promoter 
regions were enriched in small RNAs and showed a marked increase in 
small RNA enrichment on heat shock. This was most noticeable for 
Hsp23 and for all Hsp70 loci (Supplementary Tables 4 and 5). This 
observation prompted us to consider whether the level of small RNAs 
increased across all promoters”. Strikingly, the most enriched promo- 
ters were the Hsp70B loci, and Hsp23 was also one of the 20 most 
enriched loci, suggesting a direct role for AGO2 at these promoters 
(Fig. 4a). The possible function or role in the heat-shock response of 
other loci present in the top 20 list is not known. 
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Next, we tried to gauge shifts in small RNA tags derived from 
discrete transcribed regions at all gene loci in response to heat shock 
(Supplementary Fig. 14a). We observed little or no relative enrichment 
along different length intervals, suggesting that these tags are not 
derived exclusively from promoter regions but are equally distributed 
along the transcription unit (Supplementary Fig. 13). Although there 
was a sharp increase in AGO2-associated small RNAs in the heat- 
shock condition relative to the heat-shock condition negative control 
immunoprecipitation (confirming the specific association of these 
tags with AGO2), only a small increase was observed in the heat- 
shock condition AGO2 immunoprecipitation relative to the normal 
condition AGO2 immunoprecipitation, suggesting that these transcript- 
associating tags are present even under normal conditions (Sup- 
plementary Fig. 14a). These data suggest a role for AGO2 in regulating 
RNA Pol II processivity, in addition to promoter regulation. 

We then analysed the strand bias of AGO2-associated small RNAs. 
Sense and antisense tags had a specular distribution within individual 
libraries, with the ratio of the sums of the sense and antisense small 
RNA tag counts mapping to heat-shock loci and the set of all 
Drosophila genes being equal to approximately 1 (Supplementary Fig. 
14b). However, a comparison of normalized sense and antisense tag 
counts across AGO2-immunoprecipitation and negative-control- 
immunoprecipitation libraries showed a pronounced enrichment in 
antisense tags and little or no enrichment in sense tags, suggesting that 
antisense tags are highly specific in their association with AGO2 but that 
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Figure 4 | Features of AGO2-associated small RNAs. a, The 20 promoters 
that are the most enriched in small RNAs under heat-shock versus non-heat- 
shock (normal) conditions. A comparison of the small RNA fold enrichment in 
the AGO2-immunoprecipitation (AGO2-IP) libraries between normal and 
heat-shock conditions is shown for all promoters. b, Relative enrichment 
calculated as fold change (y-axis) for the sum ofall sense or antisense tags across 
different conditions. The analysed gene/promoter definitions and conditions 
are labelled below the graph. Little to no sense tag enrichment is observed across 
gene/promoter definitions, whereas antisense tags show enrichment across the 
groups, particularly under heat-shock conditions. Neg-IP, negative control 
immunoprecipitation. 
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sense tags are not. Additionally, the observed enrichment implies that 
antisense tag association is strongest in the heat-shock condition (Fig. 4b). 

Next, we examined cap analysis of gene expression (CAGE) data 
that had been generated in Drosophila embryos for the modENCODE 
project”, to survey the extent of antisense transcriptional activity at 
heat-shock loci (Supplementary Table 6). Antisense transcriptional 
activity was observed at almost all heat-shock loci and, surprisingly, 
many Hsp70 loci had roughly equivalent levels of sense and antisense 
transcription (Supplementary Table 6), suggesting a possible source for 
the observed small RNA tags. Taken together, these data indicate that 
the observed small RNAs are probably derived from dsRNA precursors 
and that sequences that are antisense to the loci preferentially associate 
with AGO2, implying that sense targeting occurs. 

In this study, we show that, in Drosophila, RNAi components operate 
in the nucleus, associate with transcriptionally active (rather then 
inactive) gene loci, interact with RNA Pol II and contribute to tran- 
scriptional control in a multicellular organism, particularly during the 
heat-shock stress response. Our results reveal that RNAi function has 
also evolved as a key nuclear pathway that operates in the context of 
pervasive sense and antisense transcription to regulate RNA-level 
homeostasis in the cell (see also Supplementary Discussion). 


METHODS SUMMARY 


Wild-type Drosophila melanogaster (Canton-S or w’’”) and the mutant stocks 
Der2!8Usx, Ago2’76eM, Ago2*"*, Der2!!88F and Der2?!4° (refs 1, 2, 22, 23) were 
maintained under standard conditions. S2 cells were grown in serum-free insect 
culture medium. Protein-protein interactions were analysed by immunoprecipita- 
tions from nuclear extracts with specific antibodies. The production of dsRNAs was 
performed in vitro by T7 transcription, and the dsRNAs were transfected into $2 
cells using FuGENE reagent (Roche). ChIP experiments were performed using 
formaldehyde-crosslinked chromatin from S2 cells. ChIP-purified DNA was ana- 
lysed by using quantitative PCR with primer pairs specific for the Hsp70 locus. Total 
RNA from 82 cells or larvae was reverse transcribed and analysed by quantitative 
PCR. Polytene chromosomes were prepared from third-instar larvae grown at 18 °C 
and were used for FISH. FISH signals were quantified by densitometric analysis 
using QFluoro software (Leica). To analyse RNA Pol II pausing on the promoters of 
Hsp70 and non-heat-shock genes in S2 cells, permanganate footprinting was used. 
AGO2-associated RNAs were isolated from S2 cells as previously described®. Small 
RNA libraries were prepared and sequenced using a Genome Analyzer IIx 
(IHumina) in two lanes. For additional details see the Methods. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Fly stocks. Flies (Drosophila melanogaster) were maintained under standard pro- 
tocols. Canton-S or w'’’* were used as wild-type strains. The Der2" BUIBX and 
Ago2*°°™ stocks? were obtained from R. W. Carthew. The Ago2*”* stock! was 
obtained from E. Lai. The Der2""**"and Der2”'”™ stocks” were obtained from Y. 
Sik Lee. 

Cytoplasmic and nuclear fractionation. S2 cells were washed twice in ice cold 
PBS, resuspended in solution I (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM MgCh, 
0.1mM EDTA, 0.1mM dithiothreitol (DTT), 0.5mM phenylmethylsulphonyl 
fluoride (PMSF) and Roche protease inhibitor cocktail) and passed seven times 
through a 25G syringe. After centrifugation (2,000 r.p.m. for 10 min at 4 °C), the 
supernatant was collected as the cytoplasmic fraction. The pellet was washed in 
solution I four times, resuspended in solution II (10 mM HEPES, pH 7.9, 400 mM 
NaCl, 1.5mM MgCh, 0.1mM EDTA, 0.1mM DTT, 0.5mM PMSF, 5% glycerol 
and Roche protease inhibitor cocktail) and incubated on ice for 30min with 
occasional flicking. After centrifugation (12,000r.p.m. for 20 min at 4°C), the 
supernatant was collected as the nuclear fraction; 20 j1g each sample was analysed 
by western blotting. 

Preparation of the nuclear extract and immunoprecipitation. The nuclear 
extracts were obtained from S2 cells, and the protein complexes were immuno- 
precipitated from the extracts, according to ref. 30 with minor modifications. 
Briefly, for each immunoprecipitation, 300 pl nuclear extract (600-800 jig) was 
mixed with 300 pl TEA;59 buffer (10 mM Tris-HCl, pH 8, 150mM NaCl, 1 mM 
EDTA, 1mM DTT, 1mM PMSF, 0.1% NP40, 2ygml ‘ leupeptin, 2 4g ml" 
aprotinin, 2,gml | pepstatin) and 30, Protein A/G PLUS-agarose beads 
(Santa Cruz Biotechnology), and then incubated for 1h at 4°C for pre-clearing. 
The supernatant was transferred to a new tube, and the appropriate amount of one 
of the following antibodies was added to the supernatant: 5 ug anti-DCR2 
(Abcam) and/or 21g mouse anti-DCR2 antibody; 21g anti-Pol-II antibody 
(4H8); 10 ul anti-NELF-E antibody; 1-2 pl anti-TBP antibody; or 2 ug rabbit 
IgG. The samples were incubated for 3h on a wheel at 4°C. Then, 40 ul of 
Protein A/G PLUS-agarose beads was added. After incubation for 2h, the beads 
were washed five times with 500 pil of TEA;59 buffer then resuspended in SDS- 
PAGE loading buffer and analysed by western blotting. Proteins were detected 
with the SuperSignal West Dura substrate (Pierce). For single-strand RNase treat- 
ment, 2 il RNase cocktail (RNase A+T1, Ambion) was added during one of the 
washing steps, and the samples were incubated for 20 min at 30°C. 

RNAi in S2 cells. S2 cells were grown in serum-free insect culture medium (HyQ 
SFX, HyClone). The production of dsRNAs (400-500 bp) of EGFP, Dcr2 and Ago2 
was performed in vitro by T7 transcription. Sense and antisense RNAs were 
denatured by heating and were re-annealed in water to become dsRNAs. RNAi 
was performed as described previously*! and lasted 8-10 days. The primers for the 
production of T7 templates were as follows: EGFP-F, 5'-ACGTAAACGGCCACA 
AGTTC-3'; EGFP-R, 5’-TGCTCAGGTAGTGGTTGTCG3’; DCR2-F, 5'-GTTC 
CGCTTTGGTCAACAAT-3'; DCR2-R, 5'-TGATCGTCTTTTCCATGCAG-3’; 
DCR2UTR-F, 5’-ATGATGATTCCAGCCCAGTC-3'; DCR2UTR-R, 5'-TTATT 
TCGACCCAAGGTAAC-3'; AGO2-F, 5’-GCTGCAATACTTCCAGCACA-3’; 
and AGO2-R, 5'-CTCGGCCTTCTGCTTAATTG-3’. 

Antibodies. The mouse anti-RNA Pol II antibody (4H8, Abcam ab5408) recog- 
nizes the Ser-5-phosphorylated C-terminal domain’. The mouse anti-RNA Pol II 
antibody (H5, Covance) recognizes the elongating RNA Pol II, which is phos- 
phorylated at Ser 2 in the C-terminal domain”’. The rabbit anti-DCR1 (ab4735), 
anti-DCR2 (ab4732), anti-histone H3 (ab1791) and mouse anti-actin (ab8224) 
antibodies were from Abcam. The mouse anti-B-tubulin antibody (E7) was from 
the Hybridoma Bank at the University of lowa. The mouse anti-Flag (M2) antibody 
was purchased from Sigma. The mouse anti-AGO1, anti-AGO2 and anti-DCR2 
antibodies have been described previously*"*’’. The rabbit anti-Pc antibody** was 
provided by R. Paro. The rabbit anti-TBP antibody** was a gift from J. T. Kadonaga. 
The anti-NELF-E antibody was described previously’®. In western blotting experi- 
ments, a non-commercial anti-DCR2 antibody, kindly provided by Q. Liu’, was 
also used. 

ChIP. Chromatin was prepared as described previously** from non-treated $2 
cells and heat-shocked S2 cells (as described below) with a fixation step of 15- 
25 min at room temperature. The following antibodies were used for immuno- 
precipitation (approximately 8 X 10° cells per immunoprecipitation): anti-RNA 
Pol II (4H8, 2 pl), anti- NELF-E (5 pl), anti-AGO2 (9D6, 3 tl), mouse anti-DCR2 
(4 ul) and anti-Flag M2 (as a negative control, 4 ll) antibodies. The specificity of 
the ChIP-grade anti-AGO2 (9D6) antibody is shown in Supplementary Fig. 6. The 
anti-DCR2 antibody used for the ChIP experiment is the same one used for the 
immunofluorescence experiments shown in Supplementary Fig. 1i. Quantitative 
PCR was performed in a DNA Engine Opticon 2 (MJ Research, Bio-Rad) instru- 
ment using the QuantiTect SYBR Green PCR Kit (QIAGEN) or in a LightCycler 
480 (Roche) using the ABsolute QPCR SYBR Green Mix (Thermo Scientific) 


according to manufacturer’s instructions. Relative enrichments were calculated 
as a percentage of the input. The Hsp70 primer sequences were as follows: the 
—154 and +58 primers were described previously'*; +47 1forward, 5’-GATCTG 
GGCACCACCTACTC-3’; +47 1reverse, 5'-TGGGAGTCGTTGAAGTAGGC-3’; 
+217lforward, 5’-CACGATCAAGAACGACAAGG-3’; and +217Ireverse, 
5'-CTTTGGCCTTAGTCGACCTC-3’. The names of the primer pairs indicate 
the distance of the middle of each amplicon from the Hsp70 transcription start site. 
Heat-shock induction. Third-instar larvae were transferred to preheated 1.5-ml 
microcentrifuge tubes and submerged in a 37 °C water bath for 40 min. S2 cells 
were transferred to pre-heated medium and submerged in a 37 °C water bath for 
40 min. 

Quantitative RT-PCR analysis. Total RNA from S2 cells or larvae was isolated 
with TRIzol reagent (Invitrogen). RNA from each sample was subjected to cDNA 
synthesis using a QuantiTect Reverse Transcription Kit (QIAGEN). All primers 
were annealed at 60°C. Quantitative PCR was performed with a DNA Engine 
Opticon 2. Quantification was normalized to the housekeeping gene GAPDH1, 
and relative expression levels were calculated using the following equation: 
A= lctref) — Ct(ref — control)] — [Ct(sample) — Ct(sample — control)] The primer sequences 
were as follows: GAPDH1-F, 5’-ATCGTCGAGGGTCTGATGAC-3’; GAPDHI1- 
R, 5'-ACCGAACTCGTTGTCGTACC-3’; HSP70, see +471 primers in the ChIP 
section; HSP70A-F, 5'-GTGTCTACCAACATGGCAAG-3’; HSP70A-R, 5'-CTG 
TGTTTCTGGGGTTCATG-3’; HSP70B-F, 5'’-GGTTGAGATTATCGCCAAT 
GAC-3'; HSP70B-R, 5'-GTCGTATTTTCGGCCGATGAG-3’; HSP68-F, 5'-GA 
GAAGGCACTCAAGGACGC-3’; HSP68-R, 5’-GAAGGTCTTGGACTGCTT 
GC-3'; MFAS-F, 5’-AGAAACCGTGGACACCTTTG-3’; MFAS-R, 5’-TGTGA 
AGTCAGCGTTTCTGG-3'; CG9008-F, 5’-GTTGGCAGAACATCGAAGG-3’; 
CG9008-R, 5'-AGCGCAGCTTGAGTTTTTGT-3’; RHO-F, 5’-CGCGAGATCA 
TCAAACTGAG-3’; RHO-R, 5’-CTCGTAAATCCAGGAGCTTG-3’;_ FZ-F, 
5'-GTCAGCGTATGCCCTACCAT-3’; FZ-R, 5’-ACTTTTTCGCACGGGACT 
TA-3'; AGO2-F, 5’-CTGGATGATGGATACGAGGC-3'; AGO2-R, 5’-GCGA 
CTGTGGAAGTAGGACG-3’; DCR2-F, 5’-GCAATAGCGATGCAGTATGG- 
3’; DCR2-R, 5'-CGTCCTAGAAGAAGGCATCG-3’; AUB-F, 5'-AAACCAACT 
GGGCTGATGTC-3’; and AUB-R, 5’-GCTCTGGCAAGGTAATAACG-3’. 
FISH analysis. Cytological preparations and FISH were carried out as described 
previously’. FISH signals were quantified by densitometric analysis using 
QFluoro software (Leica). Any deviation of 33% or greater from the normal 
average relative puffing ratio of the 87C locus to the 87A locus in wild-type flies 
was considered an increase in puffing at the 87C locus relative to the 87A locus in 
the Ago2 and Dcr2 mutants analysed. 

Immunostaining of salivary gland polytene chromosomes. Polytene chromo- 
somes were prepared from third-instar larvae grown at 18 °C. Single and double 
immunostaining was carried out as described previously**. The Fab-fragment 
blocking method was used to stain the chromosomes with anti-AGO2 and anti- 
RNA Pol II antibodies, both raised in mice. Antibodies were used at the following 
dilutions: anti-RNA Pol II antibody (H5), 1:200; anti- AGO2 antibody, 1:50; anti- 
AGO2 antibody (9D6), 1:50; mouse anti-DCR2 antibody, 1:100; and Fab fragment 
(anti-mouse), 1:100. Given the specificity of the anti-AGO2 and anti-DCR2 
antibodies in polytene staining, the cytoplasmic and nucleoplasmic background 
signals were removed (using the Lasso tool in Photoshop; Adobe), to highlight 
AGO2 and DCR2 chromatin binding. 

Permanganate footprinting. S2 cells (2 ml, approximately 4 X 10° cells ml” ') 
were treated with permanganate, essentially as described previously’’. The per- 
manganate cleavage pattern was analysed as described previously’. The primer 
sequences were as follows: CG9008+237R_LM1, 5’-CGCATTTACATAATG 
TTTGC-3’; CG9008+226R_LM2, 5'-AATGTTTGCAAAAATTATTCTGC-3’; 
CG9008+220R_LM3, 5'-TGCAAAAATTATTCTGCACACAAAG-3'; FZ+221R_LM1, 
5'-AAGTACCGTTAGCTGTATATCATT-3’; FZ+213R_LM2, 5'-TTAGCTGTA 
TATCATTTATGCCTCC-3’; FZ+197R_LM3, 5'-TATGCCTCCCCCGCTTT-3’; 
MFAS+178_LM1, 5'-TTATTGTCAATTGTCTTGTTTTTAC-3’; MFAS+ 159_LM2, 
5'-TTTTACAAAAATTGGCACACACT-3’;  MFAS+155_LM3, 5’-ACAAA 
AATTGGCACACACTCAATTA-3’;, RHO+210R_LM1, 5’-CTTAGTTTTGC 
TGCTCGTAA-3'; RHO+204R_LM2, 5’-TTTGCTGCTCGTAAATCCA-3’; 
RHO+198R_LM3, 5’-GCTCGTAAATCCAGGAGCTTGT-3’; for HSP70 87A, 
87C/A250_LM1, 5'-GCAGGCATTGTGTGTGAGT-3'; 87C250_LM2, 5’-GGC 
ATTGTGTGTGAGTTCTTCTTT-3’; 87C250_LM3, 5'-TGTGTGAGTTCTTCT 
TTCTCGGTAACTTG-3’; linker A’, 5'-GCGGTGATTTAAAAGATCTGAA 
TTC-3’; and linker B, 5’-GAATTCAGATC-3’. LM1 was the first primer used 
in each set. LM2 was used for amplification. LM3 was used for labelling. Linker A’ 
and linker B are the two primers that are annealed and ligated to the blunt ends 
generated by primer extension with LM1. Quantification of the autoradiographs 
was carried out using ImageQuant software (Bio-Rad). 

DCR2-Flag rescue assay. To selectively inhibit the endogenous Dcr2 gene, a 
specific dsRNA targeting the 3’-untranslated region sequence missing in the 
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Dcr2-Flag transgene was used. After 8 days of dsRNA treatment, the expression of 
the fusion protein was induced by adding 1 mM CuSOx. 

Chromatin-binding assay. The chromatin-binding assay protocol was essentially 
as described previously". S2 cells (60 ml, approximately 3-6 X 10°ml~') were 
washed with cold PBS. One-tenth of the cell suspension (control fraction, C) 
was resuspended in RIPA buffer (150mM Tris-HCl, pH8.0, 150mM NaCl, 
0.5% DOC, 0.1% (w/v) SDS, 1% (v/v) NP-40, 2 ug ml | leupeptin, 2 ug ml! 
aprotinin, 2 ug ml! pepstatin, 1mM PMSF, 1mM NaF and ImM sodium 
orthovanadate) and left for 30 min on ice. The remaining fraction was lysed for 
15 min on ice in cold CSKI buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 1 mM 
EDTA, 300mM sucrose, 1mM MgCl, 1mM DTT, 0.5% (v/v) Triton X-100, 
2gml~’ leupeptin, 2ugml~' aprotinin, 2 j1gml~' pepstatin, 1 mM PMSF, 
1mM Naf and 1mM sodium orthovanadate). The cell lysate was divided into 
two portions, which were centrifuged at 500g at 4 °C for 3 min. The supernatants 
(S1 fraction), which contain Triton-soluble proteins, were further analysed. One of 
the pellets was washed twice in CSKI buffer and then resuspended in RIPA buffer 
(the P1 fraction). The second pellet, after washing in CSKI buffer, was resuspended 
in CSKII buffer (10mM PIPES, pH 6.8, 50mM NaCl, 300mM sucrose, 6mM 
MgCh, 1 mM DTT, 2 pg ml! leupeptin, 2 ug ml : aprotinin, 2 Ug ml! pepstatin, 
1mM NaF and ImM sodium orthovanadate), then treated with DNase (Promega) 
for 30 min and extracted with 250 mM NH,SO, for 10 min at 25 °C. The sample 
treated with DNase and salt was then centrifuged at 1,200g for 6 min at 4 °C, and 
the supernatant (S2 fraction) and pellet (P2 fraction) were collected. The P2 
fraction was also resuspended in RIPA buffer. All fractions (20 1g) were analysed 
by western blotting. 

Purification of AGO2-associated RNAs. For heat shock, S2 cells were transferred 
to pre-heated medium at 37 °C and submerged in a 37 °C water bath for 40 min. 
Immunoprecipitation was performed as described previously’. Briefly, $2 cells 
were washed twice in ice cold PBS, resuspended in an EMPIGEN-containing 
PBS buffer (1% EMPIGEN, 1mM EDTA, 100mM DTT, 2ug ml! pepstatin, 
21gml* leupeptin and 0.5% aprotinin) and incubated on ice for 10 min to lyse 
cells. After centrifugation (15,000 r.p.m. for 20 min at 4 °C), the supernatant was 
collected. Immunoprecipitation was performed using an anti-AGO2 antibody 
(9D6) or mouse non-immune IgG (negative control) immobilized on 
GammaBind beads (GE Healthcare). The reaction mixture was rocked at 4°C 
for 2h and washed five times with EMPIGEN-containing PBS buffer. 

For silver staining, the washed beads were incubated with 2* sample buffer 
(20% glycerol, 100 mM Tris-HCl, pH 6.8, 4% SDS and 0.02% bromophenol blue) 
for 10min at room temperature, and DTT (200 mM final concentration) was 
added to the mixture. The sample was then incubated at 95°C for 5 min and 
resolved by SDS-PAGE. After electrophoresis, the protein bands were visualized 
by SilverQuest (Invitrogen). 

The small RNAs associated with AGO2 were treated with phenol:chloroform 
and precipitated with isopropyl alcohol. The RNAs were then dephosphorylated 
with calf intestinal alkaline phosphatase (New England BioLabs), labelled with 
[y-**P] ATP with T4 polynucleotide kinase (New England BioLabs) and resolved 
on a 12% polyacrylamide denaturing gel. 

Small RNA library sequencing and computational analysis. Small RNA libraries 
were prepared as described previously*® with one of two barcodes attached to the 
libraries generated from the immunoprecipitation experiments, regardless of the 
presence or absence of heat shock. The libraries were sequenced using a Genome 
Analyzer IIx (Illumina) in two lanes. Linkers and barcode sequences were extracted 
from the raw tags; the tags were mapped to the Drosophila dm3 genome assembly 
using the program Nexalign’’. The genome classification of individual tags was 
determined by overlap with existing definitions culled from publicly available 
genome tracks in FlyBase and functional RNA databases***’. Tags that mapped 
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to more than ten locations in the genome were removed from subsequent analyses; 
tag counts for the remaining tags were distributed evenly across the total number of 
mapping sites. Tags were normalized to tags per million before comparisons across 
libraries. A summary of the basic statistical parameters for the four libraries is 
provided in Supplementary Table 3. The extraction rates were between 70% and 
75% per library (data not shown); mapping rates were above 90% (Supplementary 
Table 3). 

As an additional normalization strategy, the tags per million microRNA count 
was also tabulated for each library (Supplementary Table 5) because microRNA 
percentages were largely unaffected by heat-shock treatment (Supplementary 
Fig. 12); fold enrichments calculated across conditions with these values were 
consistent with tags per million normalization (data not shown). Sense-antisense 
distinctions were decided according to FlyBase gene definitions; overlapping gene 
definitions on the same strand were merged, and the tags mapping to overlapping 
sense-antisense transcripts were included in both sense and antisense totals. 
Clusters of CAGE tags, which are representative of transcription start site activity, 
were linked to heat-shock loci using 5’ and 3’ FlyBase gene definitions; each locus 
was visually inspected in a genome browser, and the gene definitions were adjusted 
to account for differences in transcription start sites between embryonic tissue and 
FlyBase gene definitions. Large-scale genome comparisons were carried out using 
the BEDTools utilities suite’. 
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Structure of full-length Drosophila cryptochrome 


Brian D. Zoltowski', Anand T. Vaidya’, Deniz Top’, Joanne Widom!, Michael W. Young” & Brian R. Crane! 


The cryptochrome/photolyase (CRY/PL) family of photoreceptors 
mediates adaptive responses to ultraviolet and blue light exposure 
in all kingdoms of life’. Whereas PLs function predominantly in 
DNA repair of cyclobutane pyrimidine dimers (CPDs) and 6-4 
photolesions caused by ultraviolet radiation, CRYs transduce sig- 
nals important for growth, development, magnetosensitivity and 
circadian clocks’*. Despite these diverse functions, PLs/CRYs pre- 
serve a common structural fold, a dependence on flavin adenine 
dinucleotide (FAD) and an internal photoactivation mechanism**. 
However, members of the CRY/PL family differ in the substrates 
recognized (protein or DNA), photochemical reactions catalysed 
and involvement of an antenna cofactor. It is largely unknown how 
the animal CRYs that regulate circadian rhythms act on their sub- 
strates. CRYs contain a variable carboxy-terminal tail that appends 
the conserved PL homology domain (PHD) and is important for 
function”. Here, we report a 2.3-A resolution crystal structure 
of Drosophila CRY with an intact C terminus. The C-terminal 
helix docks in the analogous groove that binds DNA substrates 
in PLs. Conserved Trp 536 juts into the CRY catalytic centre to 
mimic PL recognition of DNA photolesions. The FAD anionic 
semiquinone found in the crystals assumes a conformation to 
facilitate restructuring of the tail helix. These results help reconcile 
the diverse functions of the CRY/PL family by demonstrating 
how conserved protein architecture and photochemistry can be 
elaborated into a range of light-driven functions. 

Drosophila CRY (dCRY), a type I cryptochrome’*™, is the primary 
photoreceptor for entrainment of the fly circadian clock’” and also elicits 
magnetosensitivity*’. Type II animal CRYs are also key to circadian 
rhythms in mammals, but primarily participate in light-independent 
transcriptional repression*”*. dCRY usually regulates circadian function 
by targeting the timeless protein (TIM) for ubiquitin-mediated degra- 
dation in the presence of light'*'’. Light also causes dCRY degradation, 
but on a longer timescale”’®. Both processes involve the E3-ubiquitin 
ligase jetlag (JET)'® '* and the associated action spectra are similar”’*”°. 
The dCRY active photopigment is either FAD in the oxidized (FAD™) 
or anionic semiquinone state (FAD’” )”!*'8?°', Light promotes dCRY 
binding to TIM; but TIM degradation may require an additional light 
response’*”?, The light-dependent interaction of dCRY with TIM 
involves the C-terminal tail of dCRY’'®. dCRY with the 19 or 20 
C-terminal residues removed binds TIM both in the dark and light, 
but can still entrain the clock under low levels of light”®. 

The structure of dCRY was determined to 2.3 A resolution from 
crystals with an unusual form of non-merohedral twinning (see Sup- 
plementary Methods and Supplementary Figs 1-4). The asymmetric 
unit comprises a dCRY dimer, but the contacts between subunits are 
not extensive (Supplementary Fig. 5). The dCRY structure most 
resembles that of the Drososphila 6-4 PL (6-4 dPL, ref. 23) (Fig. 1a), 
but shows notable differences in loop structures, antenna cofactor 
binding site, FAD centre and importantly, the variable C-terminal 
extension. The additional 23 C-terminal residues form a short con- 
nection (residues 516-529) from the PHD to a 10-residue helical tail 
(residues 530-539) that inserts into what would be the active centre of 
the 6-4 photolyase (Fig. 1). The C-terminal tail (CTT) mimics the 
DNA substrates of PLs (6-4 and CPD lesions) and positions Trp 536 


(of the FFW motif invariant in type I CRYs) analogously to the 6-4 
photolesion (Figs 1, 2). FAD is positioned such that changes in its 
electronic state probably influence the extensive interactions between 
the binding pocket in dCRY and C-terminal residues 525-539 (Fig. 1d) 
and thus, FAD photochemistry may promote conformational changes 
at the CTT. 

In cell culture, dCRY is less stable in light than in the dark and much 
less stable in both without the CTT (A)””° or the CTT substituted with 
alanine residues (A10; Supplementary Fig. 6). Alanine substitution of 
the FFW motif reduced dCRY stability to a lesser extent in both the 
light and dark, whereas the W536A substitution alone had little effect 
(Supplementary Fig. 6a). For the A and A10 variants, where the CTT- 
PHD interaction is disrupted, TIM stabilizes the PHD equally in both 
light and dark (Supplementary Fig. 6b). In contrast, the FFW variant 
has a partially functional CTT interaction in the dark and the stabilizing 
effect of TIM occurs mostly in the light (Supplementary Fig. 6b). Thus, 
TIM provides interactions to the PHD in the light that compensate 
for those of the CTT in the dark. Because only the wild-type and 
W536A variant show enhanced dark against light stabilities with TIM 
(Supplementary Fig. 6b) a fully engaged CTT appears to stabilize 
the PHD to a greater extent than does TIM (Supplementary Fig. 6b). 
Phosphorylation may also regulate the CTT conformation and thereby 
dCRY stability. Mass-spectrometry and crystallography studies 
detected a phosphorylation site at Thr 518, which lies at the junction 
between the PHD and the C-terminal helix (Supplementary Fig. 7). 

Structural differences among CRYs and 6-4 PL reflect recognition of 
a CTT instead of a DNA substrate and different modes of regulation. 
Sequestration of the dCRY tail helix within the PHD DNA binding 
groove is coupled to the position of three loop regions specific to Type I 
CRYs (Figs 1, 2 and Supplementary Fig. 8): (1) the phosphate-binding 
loop (residues 249-263), which coordinates a phosphate anion close to 
FAD in the structure of Arabidopsis thalania PL’; (2) the protrusion 
motif (residues 288-306), an extended surface loop adjacent to the 
phosphate binding loop; and (3) the C-terminal lid (residues 420- 
446), which packs against the dCRY C-terminal helix (Figs 2, 3). 
Compared to 6-4 PL, the dCRY phosphate-binding loop is altered 
by a two-turn extension of «8 that replaces the ~90° kink between 
the «8/x9 junction (Fig. 2 and Supplementary Fig. 8). The dCRY 
a8 extension causes a 20-A deviation from the PL structure that pre- 
vents approach of the phosphate-binding loop to FAD (Fig. 2). This 
removes a hydrogen bond from Lys 244 (at PL numbering) to the 
adenosine N7 that may stabilize a conserved site of Ser phosphoryla- 
tion in Type II CRYs°. Although dCRY conserves this phosphorylation 
site (Ser 261) it is remote from the active centre and residues that would 
stabilize Ser phosphorylation in type II CRYs are not found in type I 
CRYs°(Fig. 2 and Supplementary Fig. 9). In addition, several positively 
charged residues that bind the DNA phosphate backbone in 6-4 dPL 
(Lys 154, Lys 161, Lys 449, Arg 502, Arg 505)** are absent in dCRY. 

The Ser-rich “C-terminal lid’ is conserved in sequence and structure 
by type I CRYs but comprises a different motif in type II CRYs and PLs 
(Fig. 2). In dCRY, the linker to the CTT binds between the C-terminal 
lid (residues 420-446) and the 154-160 loop, which extends down from 
the «/B domain (Supplementary Fig. 9). Given the close proximity of 
the C-terminal lid to where the CTT binds, this region may have a role 
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Figure 1 | dCRY resembles 6-4 PL with the C-terminal tail replacing the 
DNA substrate. a, Comparison of dCRY and 6-4 dPL. N-terminal «/B domain 
(blue) is coupled to the C-terminal helical domain (yellow) through a long 
linker (grey). In dCRY a C-terminal helix (red) docks to the PL DNA binding 
cleft besides the flavin (black). b, Close-up of C-terminal helix recognition 
groove. Trp 536 of the C-terminal helix (red) juts into what would be the 6-4 PL 


Protrusion 


Adenine 
C-terminal lid @ 


ea 


Figure 2 | Structural motifs that define Type 1 CRYs. Binding of the 
C-terminal tail into the dCRY active centre couples to structures of three loop 
regions unique to Type I CRYs. The protrusion motif, phosphate binding loop 
and C-terminal lid create a cavity to bind the CTT. Compared to 6-4 PL (blue), 
a B-strand shift in dCRY (yellow), displaces the YLP motif (Supplementary 
Fig. 9) 20 A from the adenosine-interacting Lys of 6-4 PL. A six-residue 
insertion (magenta) in the phosphate loop leaves the C-term binding groove in 
an open conformation. dCRY has a two-turn extension of the «8 helix leading 
to the protrusion motif. The C-terminal linker (red) makes close contacts with 
an inserted Ser-rich loop: the C-terminal lid (residues 424-432). 
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catalytic centre adjacent to FAD. c, Superposition of 6-4 photolyase and dCRY 
active site with bound pyrimidine dimer ‘Dewar’ lesion, which binds ina similar 
position relative to FAD and His 378 as Trp 536 in dCRY. d, Surface and 
chemical complementarity between the C-terminal helix (white) and the PHD 
(yellow) flavin pocket (blue). 


in the recognition of targets, such as TIM or JET. Type II CRYs differ 
from type I CRYs and 6-4 PLs in the C-terminal lid by the introduction 
of three cysteine residues (Supplementary Fig. 9). The dCRY structure 
predicts that this cysteine-rich sequence binds near the active site of 
type II CRYs and may thereby serve a redox-related function (Fig. 2). 

PLs use a pteridine-derived cofactor, either methenyl-trihydrofolate 
(MTHE), or a 8-hydroxy-deazaflavin (HDF), as a blue light antenna to 
sensitize the FADH” cofactor and thereby facilitate charge injection 
into pyrimidine dimers’. dCRY has been reported to copurify with 
small amounts of MTHF”'. In contrast, we found no cofactors addi- 
tional to FAD in dCRY samples purified from insect cells through 
chemical, spectral or crystallographic analyses. Isothermal calorimetry 
also indicated no binding of MTHF nor the HDF-analogue riboflavin 
to dCRY (Supplementary Fig. 10). Furthermore, residues that recog- 
nize the MTHF pterin moiety have very different character in dCRY 
than in Escherichia coli PL (Fig. 3a, b) and Arabidopsis CRY3 (Sup- 
plementary Fig. 11). Compared to 6-4 dPl, dCRY conserves a pocket, 
loop flexibility, and some HDF-interacting residues (for example, 
Phe 40, Leu 60), but others, particularly in the antenna recognition 
loop (residues 42-54) differ in dCRY (Fig. 3b and Supplementary 
Fig. 10). Thus, dCRY does not bind MTHF and is unlikely to bind 
HDF, unless a unique mode of recognition is used. Notably, most 
CRYs assume the FAD™ or the FAD" state, but not the activated 
FADH™ state required for DNA repair by PLs**. In the absence of 
an antenna cofactor dCRY can readily form FAD” (Supplementary 
Fig. 12), which is probably important as either the ground state, or 
photoproduct for light-regulation of the CTT’*"87°7". 
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Figure 3 | Cofactor binding regions of dCRY. a, E. coli CPD PL binds MTHF 
as an antenna cofactor. b, In dCRY few of the residues that interact with MTFH 
in CPD PL are present, including the Glu residue that recognizes the pterin ring 
or otherwise contact MTHF (E. coli PL Glu109—> dCRY Trp 114, 

Asn 108 Ile 113, His 44—> Gly 50). Loop regions surrounding the cofactor in 
dCRY and 6-4 PL also have different structures and compositions (for example, 


Upon light exposure dCRY rapidly converts to an anionic semiqui- 
none FAD”, which then decays back to the FAD® state in a manner 
dependent on oxygen’*”!*. In contrast, PLs typically form the neutral 
semiquinone (FADH")™. In PLs, an Asn residue is poised to hydrogen 
bond with the protonated flavin N5, but does not interact with the 
unprotonated flavin (Fig. 3c). In dCRY, Cys 416 at this same position 
is within hydrogen bonding distance of both unprotonated N5 and O04 
(Fig. 3c). Thus, the negative charge that localizes on 04 and N5 in FAD” ~ 
is stabilized by the neutral thiol. These interactions may prevent further 
proton transfer to FAD” and thereby disfavour conversion to the two- 
electron reduced state (FADH”  ). Photoreduction of FAD,, to FAD” 
depends upon stepwise electron transfer from the CRY/PL conserved 
Trp triad (Trp 342 > Trp 397 > Trp 420 FAD*)*"™*_ For type I 
CRYs recombinantly expressed in insect cells, the Trp triad is required 
for photoreduction of FAD™ to FAD”, but not for light-induced degra- 
dation of CRY'’. However, unlike other CRY/PLs, Trp 536 of the CTT 
provides an indole moiety as close to the flavin ring as Trp 420 (Fig. 4a). 
Thus, photo-oxidation of Trp 536 by FAD* or (FAD”” )* in type I CRYs 
could serve a role in photo- or magnetosensing’*”». 

The dCRY flavin shows distortions indicative of reduction (Fig. 3c), 
as is characteristic of flavoprotein crystals exposed to high X-ray 
doses”*”’. Reduction increases the sp*-character of N10 that leads to 
butterfly bending of the flavin and an expanded angle between the 
isoalloxazine ring and ribityl side chain’**’”’. FAD"” probably forms 
in the crystal because low potential reductants cannot reduce dCRY 
beyond FAD” (ref. 18) and there is no further photoreduction, even 
on ps time scales*. Importantly, the reduced flavin conformation 
influences neighbouring residues that directly contact the tail helix 
(Fig. 3c). dCRY also conserves an active site His residue with PLs 
(His 378) that contacts Trp 536 (Figs 3c, 4b). In PL, the His 378 ana- 
logue protonates in the flavin semiquinone state’’; a similar process in 
dCRY would further destabilize interactions between the CTT and 
active centre. Although crystal packing prevents CTT dissociation in 
the structure, the two crystallographically unique dCRY molecules 
display variation in tail helix binding mode, which includes displace- 
ment of Asp 539 from a buried pocket in only one molecule (Fig. 4b). 
These conformers indicate that the CTT is not tightly bound when the 
flavin is reduced. A recent study revealed that light excitation of dCRY 
in the FAD’™ state exposed two tryptic proteolysis sites at the dCRY C 
terminus: one at the end of the PHD domain and the other within the 
CTT"®. Given the substantial structural alterations in FAD upon reduc- 
tion, it is somewhat surprising that more modest and short-lived 
changes induced by photo-excitation of FAD’™ would be required to 
release the CTT. Nonetheless, the close association between the CTT 
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and ribose is altered in dCRY by semiquinone formation (black arrow). 


and the flavin centre provides the proximity to mechanistically link tail 
restructuring to flavin electronic state. Notably, light still drives 
rhythms in flies containing dCRY with the CTT removed’*. Thus, 
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Figure 4 | Redox active groups and conformations in dCRY. a, Trp triad 
photoreduction pathway (Trp 420, Trp 397 and Trp 342) in dCRY (yellow) and 
Drosophila 6-4 photolyase (cyan). Trp 536 resides as close to FAD™ as Trp 420. 
6-4 dPL conserves all three Trp residues, and also contains surface residue 
Trp 394. Alternative electron transport pathways involving Trp 314, Trp 422 
and Trp 536 are possible in dCRY. The Trp 422 indole flips relative to 6-4 dPL, 
but similar to CPD PLs. b, Conformational variation in the C-terminal peptide 
orientations of the two subunits (yellow and white) in the dCRY active centre. 
Asp 539 hydrogen bonds back to the CTT in one molecule (white), but 
displaces from the pocket in the other (inset). 
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although flavin-dependent change in CTT conformation gates forma- 
tion of the proper target complex with TIM or JET, additional dCRY 
photochemistry may be required to send appropriate signals in these 
and other processes independent of TIM***”?”°. 


METHODS SUMMARY 


dCRY amino acids 1-539 were cloned into pFastBac-HTa (Invitrogen) for Sf9 
insect cell expression. Virus was selected and expanded (Kemp Biotechnologies) 
and protein was incubated at 27°C for 72h post infection. The 6X His-tagged 
protein was purified from 21 dCRY cultures via Ni-NTA (Qiagen) affinity chro- 
matography. dCRY was eluted in buffer containing 100mM imidazole, 50 mM 
HEPES pH 8, 150mM NaCl, 2mM DTT and 10% glycerol. The eluate was con- 
centrated and run on a size-exclusion chromatography column (Superdex 200 GE 
Healthcare Life Sciences) in buffer containing 50 mM HEPES pH 8, 150 mM NaCl 
and 10% glycerol. 

dCRY crystals were obtained using the hanging-drop method with equal 
volumes of well solution (18% PEG 4K, 150mM magnesium acetate, and 
100mM Tris pH 8.5) and dCRY (5mg ml'). 2.3A resolution diffraction data 
were collected at the microbeam line ID-24E of the Advance Photon Light 
Source (APS) and corrected for non-merohedral twinning as described in the 
Supplementary Methods. Molecular replacement with PDB file 1TEZ gave initial 
phases. The structure was built in XtalView and refined in CNS. 

dCRY cell culture studies were conducted with amino-terminally 3% Myc- 
tagged dCRY and 3Xhaemegglutinin (HA) C-terminally tagged ls-TIM (dTIM) 
cloned into pAc5.1/V5 (Invitrogen). $2 cells in Sneider’s medium supplemented 
with 10% FBS were transfected with dCRY and either empty vector or dTIM 
plasmids. 24h post-transfection the cell medium was refreshed and the cells 
divided into two populations. After 24h cells were lysed under red light or after 
1h white-light treatment (~600 lx). Relative abundance of dCRY was then assayed 
via 6% SDS-PAGE immunostained with myc (SIGMA) and tubulin (SIGMA). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Cloning and expression of dCRY in insect cells. cDNA for dCRY residues 
1-539, lacking three C-terminal valine residues not conserved among type I 
CRYs, was cloned into plasmid pFastBac-HTa (Invitrogen). This plasmid provides 
for protein expression with an N-terminal 6 X His tag and a TEV protease cleavage 
site under the control of a baculovirus-specific promoter. Kemp Biotechnologies 
carried out a cotransfection, selected and expanded the virus and expressed the 
protein in Sf9 insect cells. The recombinant baculovirus was amplified by infecting 
Sf9 cells at a multiplicity of infection (MOI) of 0.02 and incubation for 96h at 
27 °C. The serum-free culture medium was SF900-II (Life Technologies) and the 
cell density at infection was 10° cells per ml. The culture supernatant containing 
the high-titre virus was collected after centrifugation at 3,000g for 10 min at 4°C 
and filter-sterilized using a 0.2-jm sterile filter unit. The virus was stored at 4°C 
protected from exposure to direct light. The virus titre was determined using a 
standard plaque enumeration assay by plating dilutions of the virus onto 
monolayers of Sf9 cells. An agarose overlay was applied and plaques read after a 
seven day incubation at 27 °C. Cells were grown for 72 h post infection. Cell pellets 
from 101 productions were aliquoted and stored at — 80°C. 

Purification of dCRY. Pellets from 2-1 dCRY cultures were sonicated briefly in 
approximately 50 ml lysis buffer (50 mM HEPES, 5 mM imidazole, 300 mM NaCl 
and 10% v/v glycerol, pH 8.0). Sonication was conducted using a Fisher 550 sonic 
dismembrator at power level 6 for 1 min (2s on 2s off). The lysate was centrifuged 
for 1 h at 58,000g and the supernatant incubated for an hour with 2 ml of Ni-NTA 
resin (Qiagen) with gentle rocking on ice. The resin was transferred to a column, 
washed with lysis buffer and the protein eluted in lysis buffer supplemented with 
100 mM imidazole, a lower concentration of NaCl (150 mM) and 2mM DTT. The 
6X His tag was cleaved by treating at 4 °C overnight with TEV protease. Cleaved 
protein was applied to a gel filtration column of Superdex 200 prep grade (GE 
Healthcare Life Sciences) column 26/60 in 50 mM HEPES, 150 mM NaCl, 10% 
glycerol, pH 8.0. The yield was approximately 40 mg of purified protein from 21 of 
culture. The dCRY protein preparation was carried out so as to minimize blue light 
exposure. Sonication and the Ni-NTA column were run under red light. All other 
steps were carried out in the dark. 

Crystallization and data collection. Initial dCRY crystallization screens were 
performed with dCRY at 5-10mg ml’. Crystallization was conducted using the 
hanging-drop method and Hampton Crystal Screens 1 and 2. Initial crystallization 
hits were refined to equal volumes of dCRY at 5mgml’ in buffer containing 
50mM HEPES pH 8.0, 150 mM NaCl and 10% glycerol and a well solution con- 
taining 18% PEG 4k, 150mM magnesium acetate and 100mM Tris pH8.5. 
Crystals grew as thin plates approximately 100 X 300 X 10 jim. 

An initial 2.8-A data set used for molecular replacement was collected at 100 K 
with 0.97981 A synchrotron radiation from beamline X11 at the Brookhaven 
National Laboratory. Final data sets used for structure refinement were collected 
at 24ID-E micro diffraction beamline at the Advance Photon Light Source. 


Crystals diffracting to 2.3 A resolution were subject to rapid X-ray damage so data 
was collected in 15-degree increments using a collimated beam of 5 tm. After each 
15 degree data set the beam was translated along the crystal to unexposed regions. 
Beam flux was 4.9 X 10° photonss | over a 5-1m diameter beam. One degree 
oscillations were taken over 30s exposure. Crystals monitored by CCD camera 
during data collection where found to change colour from yellow to clear after less 
than a minute of exposure, which is indicative of photoreduction. Final data sets 
were merged, reduced and scaled using HKL2000. Further data processing due to 
non-merohedral twinning was performed as above. Final refinement statistics can 
be found in Supplementary Table 2. 

Spectroscopy. All spectroscopy was conducted on an Agilent 8453 spectro- 
photometer. dCRY at approximately 5 mg ml! was illuminated on ice by white 
light to uniformly saturate the anionic semiquinone. Kinetics of oxidation were 
obtained by recording spectra at 5-10s intervals until no further change in 
absorbance at 450nm was observed. Data was obtained both in the presence 
and absence of oxygen. Absorbance traces at 403, 450 and 478 nm were fit assum- 
ing first order kinetics with a single rate constant. Decay curves were fit well with a 
monoexponential function, A = B+C ae except in the case of anaerobic recovery 
where minimal change due to residual oxygen levels was observed. Average rate 
constants were obtained from measurements at multiple wavelengths. 
Isothermal calorimetry. 20 1M dCry was titrated against 400 1M 5,10-methenyl- 
6,7,8-trihydrofolic acid (MTHF, Schircks Laboratory) at 200 °C with 40 injections 
of 6 ul each and a 300s equilibration time between injections with an isothermal 
temperature calorimeter (VP-ITC, MicroCal). Both ligand and protein samples 
were prepared in a buffer composed of 50mM HEPES, 150mM NaCl, 13% 
glycerol pH 8.0. Heat changes during a reference run wherein the buffer was 
titrated against 400}.M of MTHF was subtracted from the above titration. 
Positive controls that monitored nucleotide binding by the CheA histidine kinase 
produced the expected binding responses and affinity constants*’. 

dCry stability in cell culture. Drosophila CRY (dCRY) and Drosophila |s-TIM 
(dTIM) were N-terminally tagged with three myc epitopes or C-terminally tagged 
with three HA epitopes, respectively, and cloned into the pAc5.1/V5 vector 
(Invitrogen) using standard cloning protocols. S2 cells were grown in Schneider's 
medium supplemented with 10% FBS and penicillin/streptomycin. CRY was co- 
transfected with either empty vector or dTIM plasmid with effectene (Qiagen) using 
manufacturer’s protocols. Cell medium was refreshed after 24h in the transfection 
mixture, and the cells were divided into two populations. 24h later, each popu- 
lation was lysed in modified RIPA under red light or after being exposed to white 
light for 1h (~600 1x). Equal amounts of lysates were run on 6% SDS-PAGE 
gels and immunostained using myc (Sigma), HA (Roche) and tubulin (Sigma) 
antibodies. 


31. Bilwes, A. M., Quezada, C. M., Croal, L. R., Crane, B. R. & Simon, M. |. Nucleotide 
binding by the histidine kinase CheA. Nature Struct. Biol. 8, 353-360 (2001). 
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Radical rethink 


Student-initiated projects have the potential to change a 
lab’s focus. But with freedom comes responsibility. 


BY ROBERT FREDERICK 


has focused on studying Mycobacterium 

smegmatis as a model for tuberculosis. It 
has been a major shift in direction for Beckwith, 
a microbiologist at Harvard Medical School in 
Boston, Massachusetts, who spent the previ- 
ous four decades using Escherichia coli to study 
fundamental problems of biology, including 
cell division, protein folding and membrane- 
protein structure. He is still surprised that he 
has ended up working on problems with direct 
medical significance. “It’s a bit of a shock,” says 


Eb or the past three years, Jon Beckwith’s lab 


Beckwith. And he owes it all to a student. 
Rachel Dutton was a PhD candidate in 
Beckwiths lab in 2006, when she first decided 
to study other bacteria. It wasn’t so much that 
she was bored with E. coli as that she was inter- 
ested in microbes about which little was known. 
“Tt took a while to convince Jon that it was an 
interesting project,’ recalls Dutton, who is now 
setting up her own microbial-diversity lab at 
Harvard. “We had many meetings where he 
would give me these looks.” Dutton gained the 
support of Dana Boyd, a senior scientist in the 
lab, but she knew that Beckwith was question- 
ing the value of her ideas. Eventually, however, 


he gave Dutton the freedom she was seeking. 
“If someone insists on doing something,” says 
Beckwith, “Tlet them, unless I have really strong 
fundamental disagreements with what they’re 
doing?’ Eventually, Dutton and Boyd’s results 
convinced Beckwith to find funding for the 
project, which now occupies his entire lab. 

Fledgling researchers can reap plentiful 
rewards from the freedom to pursue their own 
interests. They can learn important lessons 
about the responsibilities and pitfalls of inde- 
pendence. And successful projects might also 
lead to funding and publication opportunities 
for others in the home lab. But independence 
for students requires an open-minded princi- 
pal investigator and a flexible funding source, 
and brings the risk of failure. Young scientists 
who are given research freedom need to know 
what they are getting into. 


FLEXIBLE FOCUS 

It is rare for a postgraduate project to com- 
pletely change the focus of a lab as Dutton’s 
did; but both students and mentors should 
embrace students’ pursuit of tangential or 
parallel projects. Indeed, some researchers 
argue that it is crucial for those who want to 
run labs to carve their own niches. “You don't 
want to compete with your principal investiga- 
tor for grants,’ says Maryrose Franko, senior 
programme officer for graduate science educa- 
tion at the Howard Hughes Medical Institute 
in Chevy Chase, Maryland. Instead, she says, 
“you want to set yourself apart” by branching 
out into new areas. Franko advises young sci- 
entists not to abandon their original projects. 
Instead, she says, they should volunteer to split 
their time between the mentor’s project and 
their own. “They'll understand that you need 
those preliminary results,” says Franko. “You 
need some research to take with you” 

In some places, including the United States, 
students don’t start their own projects as soon 
as they join the lab. “You first typically have to 
prove yourself in what the principal investiga- 
tor needs to get done,” says Zoe Fonseca-Kelly, 
an ophthalmology researcher at the Massachu- 
setts Eye and Ear Infirmary in Boston. “After a 
certain amount of time you can develop your 
own projects, provided you can juggle your 
time.” This usually happens between several 
months and a year into the PhD. 

Students shouldn't get too discouraged if their 
mentor resists a proposed project, says Cynthia 
Fuhrmann, programme director for academic 
career development at the University of Cali- 
fornia, San Francisco. In 2008, Fuhrmann > 
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> surveyed the university’s graduate students 
and found that a significant proportion of 
them get disillusioned with academia around 
the time that they need to find their own pro- 
jects, with almost half of those who reported 
being interested in academic research careers 
in their first year changing their minds by their 
third (C. N. Fuhrmann et al. CBE Life Sci. Educ. 
10, 239-249; 2011). The students who can be 
proactive and pursue a project that excites 
them — even if it deviates from the lab’s focus 
and requires outside collaborators — are most 
likely to keep dreams of a professorship alive, 
says Fuhrmann. 


PROCEED WITH CAUTION 

Ideally, postdocs and graduate students should 
find out how much freedom to expect before 
they apply to work with a principal investiga- 
tor (see Nature 470, 129-131; 2011). They need 
to do their homework, says Cathee Johnson 
Phillips, executive director of the US National 
Postdoc Association in Washington DC. She 
advises that applicants consider the type of pub- 
lications that come from the lab, and whether 
most of them were based on the principal 
investigator's research, or were prompted by 
lab members, graduate students or postdocs. 
But applicants should tread carefully — ask- 
ing a potential employer about the flexibility of 
their research agenda can be taken as a criticism 
of their status or current work. “It's not an easy 
conversation to have; admits Phillips. Students 
and postdocs might also talk to lab members, or 
even to scientists working with other investiga- 
tors in the same department. 

Applicants could look for hints of flex- 
ibility in the investigator’s own training, says 
Margaret Kiley, a social scientist at the Austral- 
ian National University in Canberra, who stud- 
ies how students learn to become researchers. “If 
you were socialized into the discipline and into 
the research, doing it in a particular way,’ says 
Kiley, “you are likely to replicate that yourself” 


_— 


Candidates should investigate the career or pub- 
lication trajectory of their potential mentors, 
says Franko, as well as the grant portfolio of the 
potential mentor’s own principal investigator 
before, during and after the mentor’s stint as a 
protégé. But the “big thing’, Franko emphasizes, 
“js communication ahead of time”. 

Robert Dooling, a psychology researcher at 
the University of Maryland in College Park, 
makes sure that he talks to students and post- 
docs both before and shortly after they join 
his lab. “Before you came,’ he tells them in the 
second chat, “we had a conversation about 
why you came and what you want to work on. 
There's flexibility to try out things that are unu- 
sual, but it’s not an unbridled freedom to do 
whatever moves you in the moment.” After that, 
Dooling shows them his successful grant appli- 
cations and explains that all lab members have 
an obligation to help to keep the lab funded. 

There are downsides to having a mentor 
who is open to letting students explore com- 
pletely new research: projects could be too 
ambitious, or might not provide results, and 
so might drag on indefinitely. “I don't believe 
in eight-year PhD theses,” says Karolin Luger, 
a structural biologist at Colorado State Uni- 
versity in Fort Collins. Principal investigators 
“have a bit more experience, and so we know 
what it takes to graduate a student’, she adds. 
Students “may be super-optimistic and say, 
‘Oh, I can have this done in three months; and 
we know it’s going to be like a two-year project. 
They need to graduate.” 


VARIABLE FUNDING 

Even for students whose mentors encourage 
freedom, money can be a constraint. Before 
totally changing his research programme, 
Beckwith needed to be convinced not only 
of the project’s scientific rationale, but also of 
the likelihood that it would receive funding. 
To that end, Dutton and Boyd did a series of 
small, inexpensive experiments. “Each idea 


Rachel Dutton quickly got senior scientist Dana Boyd (right) on board with her PhD project idea, which 
deviated from the lab’s focus. But she had to convince her mentor, Jon Beckwith (left). 
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that she and Dana proposed, one after the 
other, turned out to be correct,” says Beckwith. 
It took some time, but the results were so 
promising that Beckwith was able to secure the 
flexible funding that his lab needed to pursue 
the work further. 

Strategic grant writing can help to give a 
lab’s young scientists greater flexibility, sug- 
gests David Delpy, chief executive of the UK 
Engineering and Physical Sciences Research 
Council in Swindon. In grant applications, 
investigators could outline their grand research 
problems and several ways to seek solutions, 
from which young scientists can take their 
pick. Delpy cautions against extremely focused 
grant applications, which tend to quash crea- 
tivity. “You can't define the outcome of your 
research at the outset,’ he says, “and you ought 
to follow up new ideas that come along that 
might be appropriate” 


JUST ONE MORE EXPERIMENT 
That extra, unplanned experiment often 
allows young researchers to find their own 
direction — and shows principal investigators 
that the researchers were right to take a radi- 
cal departure. As a graduate student at Duke 
University in Durham, North Carolina, Jeremy 
Lenhardt did just one more experiment than 
was recommended by his supervisor, chemist 
Stephen Craig. It was a chance for Lenhardt 
to satisfy his scientific curiosity in his chosen 
field — mechanochemical coupling, the inter- 
play between chemistry and materials. He had 
little in the way ofa particular hypothesis, but 
he did have a hunch. “I want to try something,” 
Lenhardt recalls thinking. The observations 
that he made led to several publications and, 
eventually, a postdoctoral position at Lawrence 
Livermore National Laboratory in Livermore, 
California, where he now works on super- 
lightweight materials with energy applications. 
Choosing that extra experiment means tak- 
ing risks; to minimize them, graduate students 
and postdocs can conduct multiple experi- 
ments at the same time, advises Franko. Many 
postdocs in successful labs have four projects 
going on at once: one that is essential for the lab; 
one that is safe and will lead to publications; one 
that runs in parallel with or tangential to the 
general direction of the lab, and that the post- 
doc can take with them; and one that is risky. 
The risky project is often the one that leads to 
an independent research career, says Franko. 
Nancy Schwartz, a biochemist at the Univer- 
sity of Chicago in Illinois, gets even her graduate 
students to work on multiple projects. “If you 
say, ‘Here, go do it, then youre treating them 
like technicians and they’re not going to learn 
to be investigators,” she says. But there should 
still be constraints on, and monitoring of, their 
work. “Often they fail,” says Schwartz. “That’s 
the only way you really learn to do science? = 


Robert Frederick is a freelance writer based 
in North Carolina. 
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J. LIN 


TURNING POINT 
Jimmy Lin 


Jimmy Lin is a computational geneticist at 
Washington University in St Louis, Missouri, 
and founder of the Rare Genomics Institute 
(RGD), a non-profit group in Baltimore, 
Maryland. On 25 October, he was named as 
one of 25 fellows chosen to present an ‘idea 
worth spreading at the annual Technology 
Entertainment and Design (TED) 
conference, to be held in February and March 
in Long Beach, California. TED will help 

Lin to develop company strategies and brand 
recognition for the RGI. 


At one point you were pursuing four degrees 
at once. Why? 

I'm in the MD-PhD programme at Johns 
Hopkins University in Baltimore because I’m 
interested in scientific discovery as well as 
health. I finished the PhD two years ago, and 
am finishing my MD this year. As a computa- 
tional biologist, last year I earned a master of 
science degree in health sciences focused on 
bioinformatics. Iam also fascinated with the 
intersection of science and faith. Through my 
church, I’m pursuing a master’s in religion, 
exploring how the concepts of philosophy 
apply to medicine and bioethics. 


Given how busy you are, why did you start 
the RGI? 

Combining foolish optimism with a passion 
for using science to help people, some 
friends and I started this group six months 
ago. Estimates suggest that there are between 
20 million and 30 million children with rare 
diseases, many of whom are undiagnosed 
despite exhaustive testing. A lot of these 
patients have had medical problems since 
birth that are probably genetic, but we need 
genome sequences to identify any culprit 
genes. Our goal is to determine whether 
these patients have a genetic disorder, and to 
come up with a diagnosis. 


How are you pursuing an academic career 
while promoting the RGI? 

At Washington, I am writing a next-genera- 
tion sequencing programme for the clinic. I 
will be creating a screen for cancer and other 
diseases, checking the more than 20,000 cod- 
ing genes in the human genome. I have yet to 
decide whether to pursue either a residency or 
a tenure-track academic position. The univer- 
sity has been kind enough to let me spend time 
on the RGIas part of my duties there. 


What do you expect from the TED fellowship? 
We are using a grass-roots, crowdsourcing 


approach to fund-raising — empowering the 
public to help these kids. Individuals can go 
online and contribute; for example, US$50 
will pay to sequence roughly 600 genes. But 
we need to spread the word. I’m not yet good 
at public relations, but I am good at applying 
for fellowships. I thought that TED would be 
a great way to put this need in front of a lot 
of people, potentially the world. I was over- 
joyed when [heard that I had been selected. 
The fellows each have to make a 4-minute 
video describing their idea, to be shared at 
the conference and online. 


What do you hope to accomplish in those 
240 seconds? 

I'm working on telling a good story — how 
meeting these patients has changed my life. I 
want to give viewers a taste of the desperation 
that these people feel with nowhere else to 
turn. Then I want to make it clear that sci- 
ence can potentially help. I need to bring that 
connection to life. But connecting the pub- 
lic to science through a grass-roots funding 
mechanism is the big idea we want to propel. 


Are you concerned about how to balance 
your academic and non-profit pursuits? 

I'm conscious that spending time on patient 
advocacy decreases the amount I spend on 
my academic career, specifically publica- 
tions. I’ve chosen this path in part because 
I have had the privilege of working for sci- 
entists who pursue their own passions. That 
has motivated me to pursue mine, to bring 
technology to patients. Some people create 
technologies; I want to make those technolo- 
gies accessible. I’m fine with giving up aspects 
of an academic career if I can have more of an 
impact on kids lives. m 


INTERVIEW BY VIRGINIA GEWIN 
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UNITED STATES 
Foreigners more prolific 


Foreign-born US scholars produce more 
publications than those born in the United 
States, but are less satisfied with their work 
lives, says a study in the Journal of Higher 
Education (D. Kim et al. J. Higher Educ. 

82, 720-747; 2011). Furthermore, foreign 
US faculty members who earned their 
undergraduate degrees in other countries 
are more productive than those who did so 
in the United States — but they are also less 
satisfied. The study gauged productivity on 
the basis of the number of research papers 
published over five years, using data from 
the US National Science Foundation’s 

2003 Survey of Doctorate Recipients. 

The authors speculate that only the “best 
and brightest” foreign scholars secure US 
faculty posts; or perhaps non-US scholars 
have better undergraduate training, 
especially in the sciences and maths. 


UNITED KINGDOM 


Jobs in animal research 


The Institute for Animal Health in 
Pirbright, UK, is recruiting about 

15 early-career researchers in fields such 
as animal virology and avian disease. On 
29 November, the institute announced 
that it is to receive at least £80 million 
(US$125 million) from the UK 
government, to augment a £100-million 
development project launched last year. 
The plans call for a high-containment lab 
and facilities for research and translation 
of research into disease-control products. 
Michael Johnson, head of the Pirbright 
laboratory, says that more positions may 
arise in the next 2 years. The labs should 
be completed by 2016. 


EUROPEAN UNION 
Early-career boost 


The European Commission's Horizon 2020 
funding programme for 2014-20 will 
support about 110,000 research positions, 
the commission said on 30 November. 
The €80-billion (US$107-billion) scheme 
replaces final Framework Programme — 
FP7. It includes a 77% budget increase for 
the European Research Council (ERC) 
and a 21% increase for the Marie Curie 
Actions programme, which funds young 
researchers. Marie Curie Actions will 

raise the number of graduate students 

and postdocs it supports from 50,000 to 
65,000. The ERC will fund some 9,500 
principal investigators and 38,000 early- 
career researchers — almost twice as many 
scientists as under FP7. 
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MULTIPLE MYELOMA 


15 December 2011 / Vol 480 / Issue No. 7377 


The bar for what constitutes good news about multiple myeloma 
is low. Physicians and researchers who study this deadly cancer 
of blood plasma cells can point to a doubling of the average 
survival time over the past decade or so. But make no mistake, 
a diagnosis of multiple myeloma is still horrible news: patients 
can expect to live a mere 7-8 years, during which time they'll 
probably find themselves hobbled as the disease damages their 
bones. The new classes of drugs that have extended life expec- 
tancy will inevitably lose their power as resistance develops, 
leaving only the option of an autologous stem-cell transplant 
— an arduous procedure that introduces risks of its own. 

Yet through the lens of this rare form of cancer, research- 
ers are gaining important insights into many other diseases. 
The progression of myeloma from a benign precursor state 
known as MGUS to the deadly malignancy depends ona com- 
plex of factors that are not yet fully understood. But it is clear 
that myeloma, with its epicentre in the bone marrow, depends 
strongly on the composition and behaviour of the cells and tis- 
sues around it. Studying this relationship has helped researchers 
learn more about the role of the tumour microenvironment in 
many other cancers. Similarly, multiple myeloma has provided 
an ideal opportunity to investigate the theory that the origin of 
malignancy lies in cancer stem cells that continue to produce 
new cancer cells even as drugs kill the old ones. And efforts 
to protect bones from the ravages of multiple myeloma have 
helped further the development of drugs that can serve those 
suffering from non-malignant bone disorders such as osteo- 
porosis. Drugs and surgical techniques developed initially for 
multiple myeloma have revolutionized the way doctors treat 
other bone diseases. 

Weare pleased to acknowledge the financial support of Onyx 
Pharmaceuticals in producing this Outlook. As always, Nature 
takes sole responsibility for all editorial content. 
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MULTIPLE MYELOMA 


The origins of cancer: multiple myeloma begins in white blood cells in the bone marrow. 


Multiple lines of attack 


Researchers are developing new weapons to fight a deadly form of blood cancer. 


BY DUNCAN GRAHAM-ROWE 


ultiple myeloma is a cancer of the 
Mee that is both rare and deadly. 

Each year in the United States alone 
there are around 20,000 new cases, and just over 
half that number die of the disease. But in the 
past few years, new drugs and the availability 
of stem-cell therapy seem to have set multiple 
myeloma on a different course: the survival rate 
from the disease has increased faster than that 
of any other form of cancer. For some people, 
multiple myeloma is changing from an immi- 
nent death sentence to a chronic disease that can 
be managed for many years. 

Myelomas are malignant plasma cells. Nor- 
mally these white blood cells play an important 
role in the immune system, producing antibod- 
ies that help fight off infections and disease. 
Plasma cells are generated in the bone mar- 
row, and when they become cancerous their 


unfettered growth creates lesions within the 
bone. The presence of more than one lesion is 
known as multiple myeloma. 

Once formed, these lesions often crowd out 
healthy plasma cells, interfering with the pro- 
duction of other types of blood cell as well as 
those involved in regenerating the bone and 
keeping it strong. Asa result, patients often have 
low blood counts and develop weak bones that 
are easily broken. Cancerous plasma cells con- 
tinue to produce antibodies, but because these 
immunoglobulin proteins are abnormal and 
monoclonal (identical copies of each other), they 
offer no protection against infections. Instead, 
these so-called M proteins can damage the 
kidney. The main symptoms of multiple mye- 
loma are often referred to as CRAB, for elevated 
calcium (caused by the destruction of bone), 
renal failure, anaemia and bone lesions. 

Although it is the second most common form 
of blood cancer (after the group of diseases 
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lumped together as non-Hodgkins lymphoma), 
multiple myeloma is still rare. Global incidence 
ranges from just 1 in 100,000 people in China to 
4in 100,000 in developed countries. The disease 
is more common among men than women, and 
is roughly twice as prevalent in African Ameri- 
cans as in Caucasian Americans. But by far the 
biggest risk factor is age — the vast majority of 
patients are more than 60 years old, and only 2% 
are younger than 40. 

Until the late 1990s, life expectancy with multi- 
ple myeloma using the best available treatments, 
such as melphalan and prednisone, was just 
three to four years. But the availability of stem- 
cell transplants and the introduction of lena- 
lidomide (an analogue of 


thalidomide marketed as 
Revlimid by Celgene in Forsome of the 
Summit, NewJersey) and _ latestresearch on 


bortezomib (a protea- multiple myeloma: 


some inhibitor branded 
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MULTIPLE MYELOMA HOTSPOTS 


Men and those of African ancestry are hit the hardest. 


4 USA 
3 Multiple myeloma 
prevalence among 
black people in the 


United States is 
8.4 for men and 
6.4 for women, 
compared with 4.3 
for white men and 

@ 2.6 for white 
women. 


=) Men @ Women 


as Velcade by Millennium Pharmaceuticals in 
Cambridge, Massachusetts) has since doubled 
life expectancy to 7-8 years. Although the 
response to these new drugs is positive, stud- 
ies show that once patients relapse, the cancer 
becomes resistant to the drugs. 


TAILORED TREATMENT 

Multiple myeloma follows a predictable progres- 
sion. It begins as a precursor condition known 
as monoclonal gammopathy of undetermined 
significance (MGUS). Characterized by an 
excess of M proteins, MGUS is not normally 
harmful to the health — people generally don't 
even know they have it and exhibit no symptoms 
of disease. But every year 1% of MGUS patients 
go on to develop multiple myeloma, and every 
case of multiple myeloma is thought to have 


HOW FAR ALONG? 


Multiple myeloma has three distinct stages. 
MGUS 


* Serum paraprotein 
<30gI? 

and 

* Clonal plasma cells <10% 
on bone-marrow biopsy 

and 

+ No myeloma-related 
organ or tissue 
impairment. 


Smouldering myeloma 


* Serum paraprotein 
>30gt! 

and/or 

* Clonal plasma cells 


biopsy 

and 

* No myeloma-related 
organ or tissue 
impairment. 


>10% on bone-marrow 


PORTO 
PORTUGAL 


MULTIPLE MYELOMA BRULeyymulel¢ 


ZIMBABWE 

Along with the Philippines, it 
is unusual in having a higher 
prevalence in women (4.0) 
than men (3.0). 


HARA 
ZIMBABWE 
3.0 

4.0 


Age-standardized (world) incidence per 100,000 


started as MGUS. “Currently there is no good 
way of identifying which patients with MGUS 
will develop multiple myeloma,” says Louise 
Perkins, chief scientific officer of the Multiple 
Myeloma Research Foundation (MMRF) in 
Norwalk, Connecticut. 

What is now known, however, is that specific 
chromosomal translocations — where parts of 
one chromosome break off and attach to another 
— occur in myeloma cells. The sequencing of 38 
genomes of multiple myeloma tumours earlier 
this year’ led to certain genetic mutations being 
shown to play a major role in the pathogenesis 
of myelomas. These mutations alter important 
genetic pathways, including one known as 
NF-«B, which controls the transcription of DNA. 

The predictive power of genetics is limited, 
however. There is little overlap in the genetic 


Symptomatic myeloma 


* Clonal plasma cells >10% on bone-marrow 
biopsy or (in any quantity) in a biopsy from 
other tissues 

«A monoclonal protein (paraprotein) in either 
serum or urine 

+ Evidence of end-organ damage: 
hypercalcemia (corrected calcium 
>2.75 mmol |); renal insufficiency; anaemia 
(haemoglobin <10 g dl’); bone lesions 
(lytic lesions or osteoporosis with 
compression fractures). 


signatures, says Perkins, and not everyone 
shares the same translocations. The transloca- 
tion t(4;14), for example, which when found 
with other genomic aberrations is an important 
predictor of survival, occurs in only 15% of 
patients, she says. Many researchers believe 
that multiple myeloma is best tackled by ‘per- 
sonalized medicine; a much-touted approach 
where treatments are tailored to an individual's 
genetic make-up. A genomic initiative is already 
underway, spearheaded by the MMRF in part- 
nership with the Broad Institute in Cambridge, 
Massachusetts, and the Translational Genomics 
Research Institute in Phoenix, Arizona. 

‘A fair bit of high-level genetic categorization 
has been done,’ says Perkins. But one task still 
facing researchers, she says, is to find molecular 
markers that can help predict new therapeutic 
drugs. A central tissue bank has already been 
set up, and more than US$12 million has been 
poured into genetic profiling and ‘deep’ sequenc- 
ing research, and to create an open portal as a 
resource for researchers to use. The hope is that 
accelerating research into this disease will ulti- 
mately lead to personalized treatment — and 
much better outcomes for patients. = 


Duncan Graham-Rowe is a science writer 
based in Brighton, UK. 


1. Chapman, M.A. et al. Nature 471, 467-472 (2011). 
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UTR MULTIPLE MYELOMA 


Bone-marrow cells from healthy people (a) and patients with MGUS (b) are clearly different to those 


from multiple myeloma patients (c) when labelled with two protein markers. 


DIAGNOSTICS 


The early bird 


Identifying the patients most likely to progress froma 
precancerous condition to multiple myeloma could help 
doctors catch the disease early and stop it taking hold. 


BY LAUREN GRAVITZ 


nlike many other forms of cancer, 
| multiple myeloma does not lend itself 
to early warnings. The condition that 
precedes it — an accumulation of precancer- 
ous cells called ‘monoclonal gammopathy of 
undetermined significance’ (MGUS) — is 
remarkably common, occurring in 3% of 
people over 50 years of age, but it converts to 
cancer at a rate of just 1% a year. Predicting 
which individuals are most at risk is extremely 
difficult. But given the rapid progression and 
high mortality of the disease, researchers are 
keen to identify them and start treatment as 
early as possible. 

This idea may seem obvious, but it’s beset 
with problems. Myeloma exists on a spectrum, 
from benign MGUS to asymptomatic ‘smoul- 
dering’ multiple myeloma to the full-blown 
disease. Treating everyone with MGUS is 
not a viable option: many doctors worry that 
they could do more harm than good if they 
treat people on the healthy end of the spec- 
trum, the vast majority of whom will never 
develop the disease. 

Ina 1988 study using the best drugs available, 


researchers concluded that treatment at the 
smouldering stage caused unnecessary side 
effects with no impact on survival time. Since 
that first trial, however, newer treatments with 
better prognoses have emerged for multiple 
myeloma, and many researchers believe that 
these therapies could work for MGUS as well 
and should be tested in earlier stages of dis- 
ease. But, they say, this should only be done 
if there’s a way of stratifying patients based 
on their risk of progression from MGUS or 
smouldering myeloma into the symptomatic 
stages of disease. And only those at the high- 
est risk of converting to full-blown myeloma 
should be treated. 

Studies of early treatment must be done with 
extreme caution. Unless a patient has smoul- 
dering disease and is deemed exceedingly likely 
to progress rapidly to symptomatic myeloma, 
the evidence suggests that it might be a mistake 
to start treatment. According to W. Michael 
Kuehl, who studies myeloma pathogenesis at 
the US National Cancer Institute in Bethesda, 
Maryland, treating MGUS too early could 
actually induce myeloma. “You might find 
that if you treat a patient you could get rid of 
premalignant cells, but they would come back 
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very quickly with malignant clones that had 
been kept in check by MGUS, he says. 


CHAIN REACTION 
The definition of multiple myeloma is based 
on clinical signs such as anaemia or elevated 
blood calcium levels. This is because when 
pathologists examine biopsies from MGUS and 
multiple myeloma patients, the cells are virtu- 
ally identical. “People have generally said that 
unless there’s end-organ damage we should sit 
tight and watch,’ says Vincent Rajkumar, a hae- 
matologist and myeloma specialist at the Mayo 
Clinic in Rochester, Minnesota. “People like me 
are starting to say we have to go early and treat 
early if were going to make a difference” 

Currently, patients are diagnosed as having 
MGUS, smouldering myeloma or multiple 
myeloma according to three major factors. 
The first is the amount of protein from identi- 
cal (monoclonal) antibodies in the blood. The 
second is the ratio of the number of genetically 
diverse plasma cells to the number of identical, 
clonal plasma cells in a bone-marrow biopsy. 
The third is the presence of clinical symptoms 
(see ‘---How far along} page S35). However, 
more researchers and clinicians think the dis- 
ease exists on a spectrum, and that they would 
be better able to treat and follow-up with their 
patients if they had a better understanding of 
where on the disease spectrum each patient lies. 

Rajkumar has worked on some of the more 
promising stratification strategies to emerge in 
the past few years. One of the more straightfor- 
ward methods is to measure the tumour bur- 
den, or the percentage of clonal plasma cells 
in the bone marrow. By the time that number 
reaches 60%, most patients already have symp- 
toms — but if they dontt, they will almost cer- 
tainly develop them within the next two years 
and would be an ideal group of patients to start 
early therapy. 

Another method the Mayo group found that 
indicates risk of progression is a blood test that 
measures levels of immunoglobulin free-light 
chains. Antibodies, or immunoglobulins, are 
composed of two heavy and two light protein 
chains that are made separately and then built 
up into antibodies inside plasma cells. There are 
two types of light chain, kappa and lambda. A 
skewed ratio of free kappa to free lambda light 
chains indicates a proliferation of clonal plasma 
cells and thus a higher risk of progression. In a 
person with MGUS, a kappa-to-lambda light- 
chain ratio of less than 0.65 or more than 1.65 
corresponds to a tripling of the risk of progres- 
sion. In a patient with smouldering multiple 
myeloma, a kappa-to-lambda ratio higher than 
100 (or less than 0.01), Rajkumar has found, 
pushes the risk of progression to between 80% 
and 90%. The research- 


ers are also investigating NATURE.COM 
several other biomarkers. _ For some of the 

“Tf we can identify all of _ latest research on 
these [markers] carefully, _ multiple myeloma: 
we willbe able to identify — go.nature.com/tfsmgh 


M. CHATTERJEE ET AL. BLOOD 109, 720-728 (2007)/AMERICAN SOCIETY OF HEMATOLOGY 


STRATIFICATION STRATEGY 


There are various ways of assessing the risk of patients with early signs of multiple myeloma 
progressing to the full-blown disease. 


Method 


Molecular 
imaging 


Free light- 
chain ratios 


Bone-marrow 
microenviron- 
ment 


How it works 


Contrast-enhanced positron emission tomography 
(PET), computed tomography (CT) and magnetic 
resonance imaging (MRI) scans, in combination 
with different molecular markers, can pick out 
signs of progression in the bone marrow, including 
blood-vessel ‘leakiness’ and increased blood-vessel 
growth (angiogenesis) characteristic of cancer. 


Immunoglobulins are composed of two heavy 
and two light protein chains. There is evidence 
that patients with a skewed ratio of kappa-to- 
lambda free light chains are much more at risk of 
progressing to full-blown multiple myeloma. 


Some believe that as MGUS develops into 
myeloma, the tumour cells manipulate their 
microenvironment to their benefit. Researchers 
have identified inflammation signatures in the 
bone-marrow microenvironment — increased 
transcription factors and other proteins — that 
they believe are specific to myeloma progression. 


Potential obstacles 


* Whole-body imaging is expensive 
and difficult to justify for frequent 
monitoring. 

* There are indications that certain 
contrast agents may increase the 
risk of disease progression. 


None. 


* Researchers don’t have data 
from enough patients to ensure 
they are identifying a consistent 
signature. 

* This requires bone-marrow 
aspiration, rather than a simple 
blood or urine test. 


* So far, there are not enough 

data from patients to determine 
whether these signatures would be 
a reliable indication of risk. 


MicroRNAs MicroRNAs (miRNAs) are involved in the suppression 
and silencing of gene transcription, and in vitro studies 
suggest that a combination of up- and downregulated 
miRNAs that creates a fingerprint specific to myeloma 
progression. This could be detected in a blood sample. 

Chromosomal | Certain deletions (such as chromosome 13), 

mutations and | chromosomal translocations (t(11;14)) and 

deletions mutations (in the RAS genes) seem to be correlated 
with the transition from MGUS to myeloma. 

Flow Flow cytometry allows researchers to label and count 

cytometry plasma cells, based on immunological markers on 
their surface. The more abnormal cells, the higher 
the probability of converting to malignant disease. 

Clonal plasma | Ifa patient doesn’t already have symptoms, those 


levels 


disease within the next two years. 


the people who will progress in the next two 
years,’ Rajkumar says. 


GO WITH THE FLOW 
Another group making good headway in strati- 
fying risk is based at the University Hospital of 
Salamanca in Spain. Jesus San Miguel, a haema- 
tologist with the Salamanca group, found that 
the percentage of plasma cells that are clonal, 
as determined by immunological markers on 
their surface, correlates with the probability of 
conversion to malignant disease. The cells are 
collected from bone-marrow biopsies and exam- 
ined bya process called flow cytometry, in which 
thousands of cells per second stream past a laser 
and can be counted and examined for fluores- 
cent markers. “We have shown that in MGUS 
patients with the benign form of the disease, 
normal plasma cells coexist with tumour plasma 
cells,” San Miguel says. By contrast, he explains, 
in a person with symptomatic myeloma, nearly 
all the plasma cells are phenotypically aber- 
rant or clonal. It is only through the use of flow 
cytometry that this intuitive result — the more 
abnormal cells a patient has, the more likely they 
are to progress — has been confirmed. 

After separating out the highest-risk patients 


with a bone-marrow biopsy with more than 60% 
clonal plasma cells will almost certainly develop 


* Each mutation is present in only a 
relatively small minority of patients. 


* This requires a bone-marrow 
biopsy rather than a simple blood 
or urine test. 


* This needs a bone-marrow biopsy 
rather than a blood or urine test. 

* Many patients become 
symptomatic before their clonal 
plasma cell count reaches 60%. 


as predicted by flow cytometry, San Miguel per- 
formed the first long-term trial to see whether 
early intervention can prolong survival. He 
tested a combination of two drugs, lenalidomide 
and dexamethasone, on patients with smoul- 
dering myeloma and high counts of abnormal 
plasma cells. After five years, 98% of the treat- 
ment group survived, compared with only 87% 
of the untreated group. “We are seeing a trend 
for benefit in overall survival in these high-risk 
smouldering-myeloma groups,’ he says. 
Researchers are watching both the Mayo and 
the Salamanca groups closely. “The better strati- 
fication you have, the more rational you can be 
about what to do with treatment,’ says Kuehl. 
“But a big part of cancer is just blind luck. We're 
never going to be able to perfectly predict what 
happens, but both the Mayo and Spanish strati- 
fications are good steps in the right direction.” 
Several other techniques for risk stratifi- 
cation are making their way into labs across 
the United States and Europe, but progress is 
slow. Genetic approaches hold promise, but if 
researchers are to tease out high-risk genetic 
profiles, they must follow MGUS patients from 
the moment of diagnosis until they convert, 
which can take a decade or more. This hasn't 
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stopped scientists at the University of Arkan- 
sas for Medical Sciences, who are monitoring 
about 120 MGUS patients as part of a group 
of trials done by SWOG, formerly the South- 
west Oncology Group. “We've been watching 
these patients and trying to identify features 
associated with early progression,’ says John 
Shaughnessy, a myeloma geneticist at the uni- 
versity. Shaughnessy has the same difficulties 
as his peers. “It's been an arduous task. It’s very 
difficult to see any signal even after ten years, 
because it’s so rare that these people progress.” 


EXPRESSION OF HOPE 

Most of the patients Shaughnessy is study- 
ing also undergo gene-expression studies to 
determine whether rapidly progressing MGUS 
has a unique signature of gene activity. Using a 
70-gene risk model that Shaughnessy developed 
to pinpoint the most aggressive myeloma cases, 
the Arkansas researchers believe they might be 
able to identify increased risk of MGUS progres- 
sion. They are also studying a protein made by 
myeloma tumour cells, called DKK1, which sup- 
presses the differentiation of bone-forming cells. 
“We can show that if a patient’s gene-expression 
profiling shows that their DKK1 expression is 
in the highest 25%, they are at increased risk of 
progression, Shaughnessy says. Half the patients 
in that group progressed to disease within three 
to four years, whereas none of those with DKK1 
levels in the lowest quartile have done. 

Other genes and chromosomal mutations 
have also yielded encouraging results. Scientists 
have found that the activity of the MYC and 
KRAS genes also seems to be different in MGUS 
and myeloma. “Let's say you get a patient with 
MGUS and monitor him closely, and find out 
that all ofa sudden he has MYC rearrangements 
in a lot of cells,” says Leif Bergsagel, a cancer 
geneticist at the Mayo Clinic in Scottsdale, Ari- 
zona. In this case, it may be prudent to consider 
treatment even ifno symptoms have emerged. 
“We dont have the technology to do it now, 
but as the price of next-generation sequencing 
comes down, we could quantify even low levels 
of MYC rearrangements,” he says. Identifying 
the genes responsible and their products could 
ultimately have implications for treatment too 
if drug companies could identify those most 
at risk and then target and eradicate just the 
abnormal cells to stop the full-blown disease 
taking hold. 

For now, researchers are working on a vari- 
ety of screening tools — from assessing clinical 
symptoms to blood tests and imaging — to cre- 
ate a fingerprint that could identify who is most 
likely to progress (see ‘Seeing is believing, page 
S52). “It’s a big challenge, but I think finding bio- 
markers is the easy part;’ Rajkumar says. “The 
hard part will be convincing my colleagues that 
we really can predict who will progress and don't 
have to wait for symptoms to appear. m 


Lauren Gravitz is a science writer based in 
Los Angeles, California. 
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MULTIPLE MYELOMA 


Marta Chesi of the Mayo Clinic displays a transgenic mouse used to model multiple myeloma. 


ANIMAL MODELS 


Towards a 
myeloma mouse 


Introducing a human disease into mice is helping researchers 
explore its nature and find potential therapies. 


BY SARAH DEWEERDT 


few years ago, two scientists from the 
A“ Graecia University of Catanzaro 

in Italy found themselves riding together 
onatrain to Rome. By the time the train reached 
its destination, the pair — oncologist Pierfran- 
cesco Tassone and bioengineer Filippo Causa 
— had devised a new way of studying multiple 
myeloma ina mouse model’. 

First, Causa would create tiny, cylindrical scaf- 
folding made of high-tech plastic, shot through 
with pores of various sizes that mimic the archi- 
tecture of human bone. Tassone would then 
inject cells from human bone marrow into the 
artificial bone scaffolds and implant them under 
the skin of immune-deficient mice. He would 
later inject the scaffolds with purified myeloma 


cells taken directly from patients with the disease. 

‘Tassone compares the scaffolding to “an empty 
apartment, a house for cells”. Once the apartment 
and its bone-marrow furnishings are in place, the 
myeloma cells can move in, giving scientists the 
ability to study the interaction between a patient's 
myeloma cells and his or her own bone marrow. 
They call the arrangement SCID-synth-hu, for 
the immune-deficient SCID mouse, synthetic 
bone and human bone marrow. 

This might sound like a convoluted system, 
but that’s not unusual for animal models of mul- 
tiple myeloma. “The myeloma cell depends on 
the microenvironment of the bone marrow,’ 
says Nikhil Munshi, who studies myeloma at the 
Dana-Farber Cancer Institute in Boston, Mas- 
sachusetts. “It requires human bone marrow to 
grow and survive.” 
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This fact makes studying the disease in the 
laboratory rather complex. But over the past 
15 years, the models that have emerged, flawed 
though they may be, have yielded important 
insights into the biology of multiple myeloma. 


MAKING A MODEL 

Perhaps the simplest way to study cancer in an 
animal model is to inject cancer cells into an 
immune-deficient mouse and allow them to 
grow into tumours. This approach, called a xeno- 
graft model, is widely used to study many types 
of cancer, and in myeloma it can be a quick and 
inexpensive way to screen possible new drugs. A 
molecule that doesn't affect xenograft tumours is 
unlikely to work in patients with multiple mye- 
loma, for example. 

But myeloma xenografts are generated from 
lab-grown cell lines, which don’t behave much 
like the primary multiple myeloma cells found in 
patients’ bone marrow. They are more like cells 
from the most advanced, aggressive stage of the 
disease, called plasma cell leukaemia. Research- 
ers want to arrest the disease before it gets to that 
point, however, when it is still confined to the 
bone marrow and growing slowly. This is diffi- 
cult to model because it is hard to grow human 
primary myeloma cells in mouse bones. 

Even so, mice can get a form of multiple 
myeloma. In the late 1970s, a Dutch gerontology 
researcher, Jiri Radl, noticed that mice of a par- 
ticular strain occasionally developed the disease 
late in life. When Rad isolated these myeloma 
cells and injected them into young mice of the 
same strain, the cells colonized the bone marrow 
and caused myeloma. Repeating this process over 
and over again led to a group of myeloma animal 
models collectively known as 5TMM mice. 

Several different types of 5TMM mice exist, 
each bearing tumour cells from a different origi- 
nal ‘donor’ and having specific characteristics. 
For example, 5T2MM mice develop bone dis- 
ease very similar to that ofhuman myeloma, says 
Karin Vanderkerken, professor of haematology 
and immunology at Vrije Universiteit Brussel in 
Belgium. Vanderkerken has led extensive stud- 
ies of 5TMM mice — primarily the 5T2MM and 
51T33MM strains — in order to unravel the large 
variety of cells and molecules involved when 
myeloma cells travel to, enter and establish them- 
selves in the bone marrow. 

Vanderkerken and colleagues have found 
that this process, called homing, involves a high 
degree of redundancy. Blocking one pathway will 
not stop the process, she says. “But if you combine 
several different ones then you can block it” 

More recently, Vanderkerken’s studies have 
pointed in a new therapeutic direction. In 
5T33MM mice, her team found that the bone 
marrow surrounding multiple myeloma cells 
is much lower in oxygen than the bone marrow 
around healthy cells”. Low oxygen, or hypoxia, 
is known to play a role in other forms of cancer, 
but this was the first evidence of it in multiple 
myeloma. Further studies showed that TH-302, 
a drug that is activated by hypoxia and that is 
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being investigated in clinical trials for other types 
of cancer, caused the death of multiple myeloma 
cells in the bone marrow of 5T33MM mice. 


TRANSGENIC MICE 

Vanderkerken acknowledges that using 5TMM 
mice has its downsides. In humans, myeloma 
is highly variable in terms of both genetics and 
tumour behaviour. Because 5T2MM mice all 
have myeloma cells derived from the same origi- 
nal donor mouse, however, they fail to capture 
this variability. “One of the limitations is that we 
work with two models [5T2MM and 5T33MM], 
so we have two ‘patients’,,” Vanderkerken says. 
That simply isn't enough. 

To explore the genetics of multiple myeloma, 
researchers have turned to transgenic models, in 
which mice are genetically engineered to have 
changes in myeloma-related genes. For example, 
one transgenic mouse model expresses abnor- 
mally high levels of XBP- 1s, a protein involved 
in the differentiation of B cells, from which mye- 
loma is eventually derived. Many of these mice 
develop a precursor condition called MGUS 
(monoclonal gammopathy of undetermined 
significance) and some of the mice develop 
myeloma at around one year of age’. 

In another transgenic model, researchers 
spliced the human MYC gene into mouse DNA 
near genes related to the production of antibod- 
ies’. Astheyramp up antibody production, B cells 
undergo rapid DNA changes. In the mice, these 
changes can lead to the MYC gene being turned 
on and the onset of myeloma. Rearrangements, 
or translocations, of DNA are thought to give rise 
to myeloma in humans, says Leif Bergsagel, pro- 
fessor of medicine at the Mayo Clinic in Arizona, 
who led the development of the MYC mouse 
model. “This mouse reproduces that effect?” 

The MYC oncogene has a well-known role 
in other cancers, being involved in the rapid 
cell proliferation of many tumours. But because 
myeloma cells divide slowly, researchers had 
believed that MYC had only a minor role in the 
disease. “I think we give the cells just enough 
MYC to observe this oncogenic role without 
really becoming proliferative,” says molecular 
biologist Marta Chesi, who is married to Berg- 
sagel and works with him at the Mayo Clinic. 

The researchers say the MYC model could be 
used to test potential myeloma drugs. Studies of 
existing cancer drugs have shown that “drugs that 
work in the clinic work in the mice, and drugs 
that do not work in the clinic do not workin the 
mice,’ Chesi says. “It’s highly predictive” 


MORE HUMAN 
Transgenic mice and mice with myeloma are 
useful tools, but they are still mice, and some 
research questions need human cells. For these 
studies they have used a model known as SCID- 
hu, in which small pieces of human fetal bone are 
implanted under the skin of immune-deficient 
mice’. The SCID-synth-hu model developed by 
Tassone and colleagues is a variation on this. 
The SCID-hu model was first developed in the 


Micro-CT scans reveal bone damage from 
myeloma in a 5T2MM-bearing mouse. 
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late 1980s for studying normal blood cell forma- 
tion in bone marrow. Myeloma specialist Joshua 
Epstein at the University of Arkansas for Medi- 
cal Sciences in Little Rock soon realized that this 
approach might also enable him to study abnor- 
mal events in the bone marrow, suchas myeloma. 

Epstein’s goal was to answer one of the field's 
most contentious questions: what kind of cell 
gives rise to myeloma? At the time, scientists 
knew that myeloma was related to B cells, but 
didn't know ifit arose from antibody-producing 
plasma cells or a precursor, such as a B cell. “No 
other cells in the bone marrow or the blood 
could cause myeloma other than these mature 
plasma cells in our model,’ Epstein says (see 
“Testing ground for cancer stem cells, page S43). 
His team implanted two fetal bones in a single 
mouse and injected myeloma cells into just one 
of them. Eventually, the myeloma cells colonized 
the second bone — but couldn't be found any- 
where else in the mouse. “So we had a model in 
which we could show that myeloma cells depend 
on the human microenvironment, Epstein says. 
These findings cemented the importance of the 
bone-marrow microenvironment in myeloma 
(see ‘Neighbourhood watch, page S48). 

Other groups also began working with SCID- 
hu. In one series of studies, researchers showed 
that the molecule DKK1, produced by myeloma 
cells, plays a crucial role in causing the disease’s 
characteristic bone damage by inhibiting bone- 
forming cells called osteoblasts. In SCID-hu 
mice, an antibody to DKK1 mitigates the bone 
disease and inhibits myeloma cell growth’. 
“The perfect model to test this was the SCID-hu 
model,” says Munshi, who led these studies. 

But the interest in using SCID-hu led to 
competition for a limited supply of fetal bones. 
Tassone’s model incorporating synthetic bone 
scaffolds provides a solution. When production 
of the synthetic bones is scaled up, Tassone says, 
more researchers will be able to conduct larger 
studies than is now possible. And because the 
synthetic bones are all identical, these studies will 
be more uniform than those based on fetal bones. 

“Tf it all works out, this will be a great model?” 
says Vanderkerken. But she and others caution 
that the SCID-synth-hu approach is still new and 
largely untested. 

Even if the model does catch on, it will not nec- 
essarily render other animal models of multiple 
myeloma irrelevant. The SCID-hu model and 
its variations are good for studying the human 
microenvironment, for example, even though 
they can't capture the role of the immune system 
in responding to this form of cancer. As Epstein 
puts it: “Each model has its purpose.” m 


Sarah DeWeerdt is a science writer based in 
Seattle, Washington. 
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MULTIPLE MYELOMA 


Looking good: researchers are starting to see results in their search for improved drugs. 


More shots on target 


Drugs introduced to fight multiple myeloma in the past decade have revolutionized treatment 
and extended patients’ lives. Are the improvements set to continue? 


BY ADRIANNE APPEL 


ultiple myeloma is a confounding 
Mew to treat. More often than not, 
treatment seems to be effective, only 
for the blood malignancy to come roaring back 
months or years later. Most patients go through 
four, five or even more rounds of potent drug 
treatment in their struggle against mounting 
myeloma cells and increasing drug side effects. 
But two classes of drug that became avail- 
able in the past decade — proteasome inhibi- 
tors and immunomodulators — have been far 
more effective than any previous drugs against 
this form of cancer. Just three of these new 
drugs have so far been licensed — a proteasome 
inhibitor called bortezomib and two immu- 
nomodulatory drugs, thalidomide and its cousin 
lenalidomide — with additional drugs currently 
in clinical trials. 
In the 1990s, the median survival time of 
patients whose only option was conventional 


chemotherapy was just three years. The new 
drugs extended this to five years. Furthermore, 
“90% of patients respond, while it used to be 
65%, says haematological oncologist Keith 
Stewart of the Mayo Clinic in Scottsdale, Ari- 
zona. “They get immediate pain relief. They get 
into remission faster and they stay in remission 
longer.’ More people with multiple myeloma, 
especially those under 65 years of age, can 
expect to live 10 years or more with the disease, 
he says. These younger patients generally receive 
bortezomib intravenously, often as a first treat- 
ment in a two- or three-drug combination with 
a conventional chemotherapy drug, a strategy 
based on research showing that hitting myeloma 
early and hard gives a better chance of remission. 
Younger patients can also undergo autologous 
stem-cell transplants in a bid to get them into 
remission (see “Transplants on trial; page S46). 
Patients aged 70 and older in the United 
States, or 65 and older in Europe, are ineligible 
for stem-cell transplants and are often too fragile 
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to tolerate intravenous drugs. Their treatments 
are focused on oral drugs such as thalidomide 
and lenalidomide, as well as conventional 
chemotherapy. But the myeloma nearly always 
returns after several months or years, requiring 
another round of drugs. Each time the cancer 
comes back, the treatment options are further 
narrowed, as the myeloma cells develop resist- 
ance to more of the available drugs. 


PROTEASOME INHIBITORS 

The development of bortezomib sprang directly 
from basic research on the cell and has helped 
build the multi-lane research highway that 
has now delivered several second-generation 
proteasome inhibitors to clinical trials. 

In multiple myeloma, plasma cells reproduce 
furiously, creating piles of damaged proteins that 
must be cleared from the cell. Protein complexes 
called proteasomes normally remove them, 
aided by enzymes that slice up the amino-acid 
chains. But in myeloma cells, this proteasome, 


MILLENNIUM PHARMACEUTICALS 


known as 26S, can barely keep up with demand, 
suggesting a weakness that could be exploited. 
In 1993, Alfred Goldberg, a cell biologist at Har- 
vard Medical School in Boston, Massachusetts, 
created the first proteasome inhibitor, MG132. 
It worked by interfering with protein clearing. 
Myeloma cells, which are already awash with 
damaged proteins, proved particularly vulner- 
able to MG132 and would suffocate in their own 
waste protein. Further refinement of MG132 led 
to bortezomib and the other proteasome inhibi- 
tors now in development. 

Early trials of bortezomib hinted at its effec- 
tiveness, particularly against myeloma cells that 
were already resistant to conventional chemo- 
therapy. The drug demonstrated “remarkable 
activity against myeloma in a phase I trial’; recalls 
Kenneth Anderson, director of the haematologic 
neoplasias division at Harvard Medical School in 
Boston, Massachusetts. When his phase II trial 
showed bortezomib to be twice as effective as 
the standard therapy for multiple myeloma, he 
successfully petitioned the US Food and Drug 
Administration (FDA) in 2003 for fast-track 
approval to use it on patients who had exhausted 
other possible treatments. In 2008, bortezomib 
(marketed as Velcade by Millennium Pharma- 
ceuticals of Cambridge, Massachusetts) became 
the standard drug to treat multiple myeloma. 

But bortezomib has some serious side effects. 
It often causes severe nausea, and can aggravate 
and cause problems in the heart, lungs and kid- 
neys. It can also induce pain or tingling in the 
feet and hands. More than 40% of patients are 
afflicted with this peripheral neuropathy, and 
13% are debilitated by the symptoms. So oner- 
ous are these side effects that many patients 
give up on the drug before completing a full 
course. The neuropathy is probably associated 
with bortezomibs sloppy mechanism. Although 
itis intended to target a particular enzyme called 
the chymotrypsin-like protease enzyme, it can 
also disrupt the proteasome'’s two other enzymes. 
And as with other drugs for multiple mye- 
loma, nearly all patients develop resistance to 
bortezomib. 

Alternative proteasome inhibitors are already 
in clinical trials, and one — carfilzomib — is 
nearing approval. Developed by Onyx Phar- 
maceuticals of South San Francisco, California, 
carfilzomib is now in phase III trials. It works 
in much the same way as bortezomib, but has 
one clear advantage: fewer than 1% of patients 
experience neuropathy. Like bortezomib, carfil- 
zomib acts on the chymotrypsin-like protease 
enzyme, but itis more selective than bortezomib 
and doesnt hit the 26S proteasome’ other two 
enzymes. It should soon receive FDA approval 
for use by patients who have become resistant 
to bortezomib and lenalidomide, Stewart says. 

Another next-genera- 
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DISRUPTING A PROTEIN DISPOSAL OPERATION 


Proteasome inhibitors such as bortezomib turn off the machinery that disposes of damaged proteins, 
causing myeloma cells to suffocate in their own waste. The drug targets the B5 (chymotrypsin-like) 
enzyme but also hits the 81 and B2 enzymes, causing side effects. 


26S proteasome 


Protein 


neuropathy, probably because it accurately 
targets the chymotrypsin-like enzyme. Now in 
phase I and phase II trials for relapsed patients 
and in combination with other drugs for newly 
diagnosed patients, MLN9708 is “very effec- 
tive in overcoming bortezomib resistance’, 
says Anderson, whose lab is investigating the 
drug. Unlike the other proteasome inhibitors, 
MLN9708 can be taken orally. Anderson's lab is 
also working with NPI-0052, which was devel- 
oped by Nereus Pharmaceuticals in San Diego, 
California, and is now in phase I trials. This drug 
hits not just one but all three inhibitors of the 26S 
proteasome, and easily overcomes bortezomib 
resistance. But it also gives patients a powerful 
dose of side effects, Anderson warns. 

Other promising drugs include the oral pro- 
teasome inhibitor ONX 0912, which is being 
tested against solid tumours in phase I trials. A 
phase II trial in patients with multiple myeloma 
and other blood cancers will begin soon, accord- 
ing to the drug’s developer, Onyx Pharmaceu- 
ticals. Another drug, CEP-18770, developed 
by Cephalon in Frazer, Pennsylvania, works in 
a similar way to bortezomib, and has about the 
same efficacy against multiple myeloma — but 
with less toxicity. 


THE IMMUNOMODULATORS 

From an unlikely start, a new category of drugs 
— the immunomodulators — has opened up 
fresh treatment options in multiple myeloma. 
The sedative thalidomide became notorious in 
the 1960s when it was linked to birth defects 
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in babies whose mothers had taken the drug 
while pregnant. But since the 1990s, thalido- 
mide has found new roles, first as a treatment 
for leprosy and, since 2006, as a drug to treat 
multiple myeloma. Lenalidomide, a derivative 
of thalidomide and also approved in 2006 for 
use in multiple myeloma, is now preferred over 
thalidomide because it is less likely to cause 
peripheral neuropathy. Both thalidomide and 
lenalidomide (marketed as Thalomid and Rev- 
lamid, respectively, by Celgene of Summit, New 
Jersey) fight multiple myeloma by reducing 
levels of cytokines, including the interleukin-6 
(IL-6) protein. Because IL-6 helps malignant 
myeloma cells survive by inhibiting apoptosis 
(cell death), any drug that lowers IL-6 levels will 
diminish the cancer. 

Thalidomide is approved for use in newly 
diagnosed patients, and is favoured for older 
patients who cope best with oral drugs. Lena- 
lidomide is licensed for use in combination 
with the anti-inflammatory dexamethasone 
in patients who have previously been treated 
with other drugs, and is also used in newly 
diagnosed patients. For younger patients, add- 
ing bortezomib to the mix increases the ben- 
efit of lenalidomide: one 2010 study showed 
an almost 100% positive response to this 
combination by patients in an early stage of 
the disease, says Anderson, whose lab oversaw 
the trial. Even in advanced myeloma patients, 
58% responded to the triple-drug therapy. 
Studies also are underway to test lenalidomide 
as a maintenance drug that relatively healthy 
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THE ECSTASY ALTERNATIVE 


A notorious party drug aims to beat myeloma. 


Immunologist John Gordon is trying to turn 
the illegal street drug MDMA — also known 
as ecstasy, E or X — into a cancer therapy. 

This isn’t such a crazy idea. More than ten 
years ago, Gordon’s team at the University 
of Birmingham, UK, discovered that cells 
in the immune system have transporters 
for taking up the neurotransmitters 
serotonin and dopamine, just like cells in 
the brain and central nervous system. They 
also found that these transporters allow 
some antidepressant drugs and MDMA 
(3,4-methylenedioxymethamphetamine) 
to enter. 

Why can cells in the immune system 
do this? It’s not something Gordon had 
considered until about ten years ago when 
it came up in discussions with his colleague 
Nicholas Barnes, a neuropharmacologist 
at Birmingham who studies serotonin. At 
the time, Gordon was investigating whether 
there was a relationship between brain 
neurochemicals and the combative attitude 
of cancer patients who beat their disease — a 
psychological state probably influenced by 
serotonin. Conversations between Gordon 
and Barnes led to a fresh line of enquiry 
about the immune system, brain chemicals 
and possible new cancer treatments. 

The team knew they were on to 
something when they mixed serotonin in 
a test-tube with Burkitt’s lymphoma cells, 
a type of B-cell cancer strongly associated 
with AIDS. Many of the cancer cells died: 
the serotonin had entered the cancerous 
immune cells and killed them. Gordon and 
Barnes speculated about the transport 
system for serotonin in immune-system 
cells, and wondered whether it could be 
exploited to deliver lethal levels of mood- 
altering drugs into cancers, particularly 
immune-cell cancers such as lymphoma, 
leukaemia and multiple myeloma. 


“That’s how we got to where we are,” 
Gordon says. “It’s not something that | 
alone would even begin to study, because 
—why would you?” The team tried using 
fluoxetine (Prozac), a selective serotonin 
reuptake inhibitor, against lymphoma 
B cells, with promising results. But because 
fluoxetine is a generic drug, no drug 
company stepped forward to further the 
research, Gordon says. 

So Gordon switched to MDMA. 
Preliminary tests are encouraging, and 
the team, joined by pharmacologist 
Matthew Piggott of the University of 
Western Australia in Crawley, is now 
creating analogues to MDMA that are 
more potent cancer killers but are safe 
enough to be ingested. The idea is to limit 
the drug’s neurotoxicity, and therefore its 
psychotropic activity, while increasing its 
anticancer action. At levels typically found 
in the street drug, “to kill the lymphoma 
you'd have to kill the patient”, Gordon says. 

Gordon modified the alpha-carbon site 
of MDMA by adding lipophilic aromatic 
rings, magnifying MDMA's cancer-killing 
potency 100-fold. This alteration also 
decreases MDMA's psychoactive affect, he 
reported in a paper published in August 
2011. “As we add more aromatic rings, we 
see improved killing,” he says. This effect 
suggests that the lipophilicity enhances the 
drug’s ability to cross the cell membrane, 
allowing more of the drug to enter the cell. 

Gordon estimates that his approach is 
at least five years away from preclinical 
testing. “We'll try a few more variants, 
and once we're pretty confident we have 
the optimal compound, that’s when 
we'll go ahead,” he says. By this point, 
Gordon believes, the cancer-killing MDMA 
analogues will have little psychoactive 
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patients can take to keep their myeloma at bay. 

But lenalidomide’s future as a myeloma 
therapy is in question. A safety warning from 
the FDA in April 2011 cited studies showing 
an association between the drug and the later 
development of secondary cancers — a partic- 
ular concern when treating younger patients. 
“It’s a big problem for us,’ says haematolo- 
gist Vincent Rajkumar of the Mayo Clinic in 
Rochester, Minnesota. “Secondary cancers 
can be devastating and we really need to know 
if overall survival is superior after taking lena- 
lidomide?” 

The next generation of immunomodulatory 
drugs could mitigate these fears. Early trials 
at the Mayo Clinic suggested that pomalido- 
mide was a safe and effective alternative for 
patients who develop resistance to lenalido- 
mide and bortezomib. Two phase III trials of 
pomalidomide — being developed by Celgene 
as Actimid — are currently underway. The 
Nimbus trial will enrol 400 patients to study 
whether pomalidomide plus dexamethasone 
is more effective than dexamethasone alone 
in resistant patients. A sister trial will give 
pomalidomide alone to 85 people who failed 
to respond to the dexamethasone control in 
Nimbus. These trials will lay the groundwork 
for an application to the FDA to use poma- 
lidomide in newly diagnosed patients. The 
drug is “enlarging treatment opportunities’, 
says Antonio Palumbo, a haematologist at the 
University of Torino in Italy. 


SUPPLANTING TRANSPLANTS 

Some of the treatments being developed for 
multiple myeloma seem to be nearly as effec- 
tive as stem-cell transplants, which are offered 
to younger patients as a highly effective but 
brutal treatment. Anderson says that many 
patients ask him if they really have to endure 
the gruelling procedure if today’s drugs are 
almost as good. 

The answer, Anderson says, is still yes, 
because most patients become resistant to 
medication, even though the drugs are getting 
better all the time. A combination of lenalido- 
mide, bortezomib and dexamethasone was 
recently tested against stem-cell transplants ina 
1,000-patient study in France. The trial showed 
equivalent response rates and better progres- 
sion-free survival for the combination therapy 
than for the transplants, and has inspired a 
similar US trial, led by Anderson's lab. 

The past decade's progress in developing 
drugs for multiple myeloma has led some to 
hope that this form of cancer will succumb to 
treatment in the not too distant future, as new 
proteasome inhibitors and immunomodula- 
tory agents become available. Thanks largely 
to these drugs, says Stewart, “for many patients, 
multiple myeloma has become a chronic condi- 
tion rather than a quickly fatal disease” m 


Adrianne Appel is a science writer based in 
Boston, Massachusetts. 
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Testing ground for 
cancer stem cells 


Multiple myeloma is the ideal disease to study a controversial theory about the biology of 


cancer — and how to cure it. 


BY CATHRYN DELUDE 


hy can drugs send patients with 
multiple myeloma into seemingly 
complete remission 80-90% of 


the time but never cure them? By all objective 
measures of the disease — malignant plasma 
cells in the bone marrow and aberrant M pro- 
tein in the bloodstream — the cancer is eradi- 
cated. Yet patients nearly always relapse. 

One possible explanation for this paradox 
comes from the compelling but controversial 
cancer stem-cell hypothesis. It states that the 
drugs kill the malignant plasma cells but leave 
a reservoir of cancer stem cells that continue 
growing and can produce more plasma cells. 
These cancer stem cells are largely untouched 
by current drugs, says oncologist William 
Matsui of the Sidney Kimmel Comprehensive 


Cancer Center at Johns Hopkins University in 
Baltimore, Maryland. If we had a way of kill- 
ing these cells, he says, we could cure multiple 
myeloma. 

The cancer stem-cell hypothesis contradicts 
the prevailing view that every cancer cell can 
create more cancer cells or tumours, a process 
known as tumorigenesis. Instead, according 
to the hypothesis, cancer consists of a cellular 
hierarchy. At the bottom, the bulk of tumour 
cells can cause disease symptoms but cannot 
maintain cancer growth or propagate new 
tumours, and they eventually die off. At the 
top, the long-lived cancer stem cells can renew 
themselves indefinitely and replenish bulk 
tumour cells, generate new tumours, and cause 
metastasis and relapse. Proponents of the can- 
cer stem-cell idea say it explains why, in mul- 
tiple myeloma and other cancers, drugs that 
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can seem to miraculously and rapidly shrink 
tumours do not lead to long-term survival’. 

There is growing evidence that cancer stem 
cells exist in several cancers, says Max Wicha, a 
cancer biologist at the University of Michigan. 
But there is still no evidence that they can be 
targeted therapeutically, or that doing so would 
cure the disease or even prevent a relapse and 
prolong survival. These ideas can be tested, 
Wicha and others believe, in patients with mul- 
tiple myeloma who have used existing drugs to 
achieve clinical remission, with all their cancer- 
ous plasma cells eradicated. 

But efforts so far to identify multiple mye- 
loma stem cells have been “loaded with con- 
troversy, emotion, scepticism and difference of 
opinion’, says physician—-researcher Constan- 
tine Mitsiades of the Dana-Farber Cancer Insti- 
tute in Boston, Massachusetts, who is studying 
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Some researchers believe that myeloma cells like these are derived from cancer stem cells. 


these cells in the context of drug resistance in 
multiple myeloma. 


TESTING THE THEORY 

The concept of cancer stem cells was first 
tested experimentally in 1994, when John 
Dick, a cancer researcher at the Hospital for 
Sick Children in Toronto, Canada, trans- 
planted human leukaemia cells into mice with 
suppressed immune systems that would not 
reject human cells. Only certain cells could 
recapitulate the original cancer, with its var- 
ied cell types, in a mouse. Harvesting these 
tumour cells and transplanting them into new 
mice again and again showed which cells could 
continue producing tumours without burning 
out. This method, called serial transplantation, 
is a functional assay that is still the standard 
for demonstrating two essential properties of 
cancer stem cells: the capacities to recapitulate 
the original tumour and to self-renew. 

In the early days, Matsui explains, people 
thought that cancer stem cells were either 
normal stem cells that had turned cancerous, 
or primitive, undifferentiated progenitors 
that could give rise to many differentiated cell 
types, and that they must be exceedingly rare 
in the tumour. These assumptions led to con- 
fusion and debates about whether cells that 
were more differentiated, or less rare, could 
be considered cancer stem cells — a contro- 
versy that is particularly relevant to multiple 
myeloma. But researchers now generally agree 


that many properties attributed to normal stem 
cells — such as immaturity, quiescence, rare- 
ness, embryonic gene expression, rapid prolif- 
eration and drug resistance — are not essential 
to the functional definition of a cancer stem 
cell. Ifa cell can recapitulate the disease and 
has self-renewal properties, it is for all intents 
and purposes a cancer stem cell’. 

The central question in multiple myeloma is 
whether the cells with these properties — the 
ability to recapitulate the disease and to self- 

renew — are plasma 
cells or the B cells that 
give rise to plasma 
cells. Plasma cells are 
terminally differen- 
tiated cells derived 
from the B-cell line- 
age that produces 
our adaptive immu- 
nity as we encounter 
antigens. The debate 
has important clini- 
cal implications because it may take differ- 
ent kinds of drug to target plasma cells and 
B cells’. 

By the late 1990s, several labs were using 
variations of the serial transplantation method 
on multiple myeloma. Some of the first trans- 
plant experiments refuted the notion ofa sub- 
population of myeloma cancer stem cells that 
is distinct from the plasma cells. Joshua Epstein 
and Shmuel Yaccoby, cancer cell biologists at 
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the University of Arkansas for Medical Sci- 
ences in Little Rock, put human myeloma 
cells into human fetal bone fragments that 
had been implanted in immunodeficient mice. 
They found that human myeloma plasma cells 
can recapitulate the disease in these mice (see 
“Towards a myeloma mouse, page $38). 

“All myeloma plasma cells have the poten- 
tial to proliferate under certain conditions,” 
Epstein says, “and when they do proliferate 
they change their phenotype to something that 
other people consider a stem cell.” But he does 
not consider these cells to have self-renewal 
properties. Instead, he thinks they can main- 
tain the disease and cause relapse because of 
the capacity of different plasma cells to tem- 
porarily acquire the ability to divide. Inter- 
estingly, the ability of cells to go in and out of 
various stem-cell-like states has recently been 
observed in other cancers. 


TURNING TO B CELLS 

Other researchers point to potential prob- 
lems with the methodology, however. Linda 
Pilarski, an experimental oncologist at the 
University of Alberta in Edmonton, Canada, 
suggests that the fetal bone environment used 
by Epstein somehow supports the growth of 
myeloma plasma cells that normally live in 
adult bones. “The problem is, when you look in 
the bone marrow, plasma cells do not divide, so 
the cancer growth must come from an earlier 
cell that does divide,’ she says. 


WILLIAM MATSUI 


That earlier cell must come from a B-cell 
progenitor that gives rise to the plasma cells. B 
cells produce antibodies to a specific antigen, 
and one type of B cell, the memory B cell, pro- 
vides long-term or even lifelong immunity to a 
particular antigen. It does so by continuing to 
give rise to new plasma cells that keep churn- 
ing out the antibody to that antigen. Specifi- 
cally, in response to an antigen, B cells undergo 
genetic mutations in which they rearrange an 
immunoglobulin gene in a unique sequence, 
conferring the ‘memory’ to memory B cells. 
The plasma cells derived from these memory 
B cells inherit the sequence and make antibod- 
ies specific to the antigen. In healthy people, 
the plasma cells produce different antibodies, 
but in patients with myeloma, all the plasma 
cells produce the same clone of an antibody: 
the M (monoclonal) protein. Pilarski says that 
this ‘clonotypic’ relationship between myeloma 
plasma cells and the precursor memory B cell 
could reveal the derivation of all the bulk 
tumour cells from a putative cancer stem cell. 

In the early 2000s, Pilarski and her research 
partner, Andrew Belch, found that it was 
not the plasma cells but B-cell progenitors 
(although not necessarily memory B cells) that 
could self-renew and recapitulate new multi- 
ple myeloma tumours. Some previous research 
had suggested that B cells were involved in 
multiple myeloma, but no one had tested this 
idea, and Pilarski recalls that most researchers 
still assumed that plasma cells were the sole 
component of multiple myeloma. 

The scepticism about her B-cell results 
forced her to do a more rigorous molecular 
analysis. In 2008, Pilarski, Belch and Julia Kir- 
shner, then a postdoctoral fellow in Pilarski’s 
lab, showed that a self-renewing population of 
B cells can give rise to myeloma plasma cells 
in their three-dimensional bone-marrow tis- 
sue model’. “We think these B-cell precursors 
really were cancer stem cells,’ she says, “and 
that this will be a useful therapeutic model.” 

Pilarski’s next aim is to find a way of destroy- 
ing the tumorigenic B cells. She is also investi- 
gating whether myeloma patients with higher 
levels of these cells relapse earlier. The prelimi- 
nary evidence suggests that they do. “That tells 
you these early cells are very important, and 
very bad for the patient,” she says. 

In 2004, Matsui extended Pilarski’s earlier 
findings by further defining the clonogenic 
myeloma cells as memory B cells. Some 
researchers objected to calling them stem cells 
because memory B cells do not give rise to a 
variety of differentiated cell types, a character- 
istic typical of other adult stem cells. However, 
Matsui points out, unlike other differentiated 
cells in the body, memory B cells have the 

capacity to self-renew 
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and earlier memory B cells, there can be no 
doubt that whatever the myeloma stem cell 
is, memory B cells are involved somehow. 
The uncertainty is whether the cancer stem 
cells started out as memory B cells and then 
de-differentiated to be more like the earlier 
B-cell progenitors, or whether they came from 
plasma-like cells that acquired some stem- 
cell-like properties but still retain the tell-tale 
genetic mutations of memory B cells. 


SCRATCHING THE SURFACE 
Further debate surrounds the combination of 
cell surface proteins, or markers, present on the 
putative myeloma stem cells. Researchers use 
these markers to sort cells for serial transplan- 
tation and other experiments, and to determine 
which are tumorigenic. Mature plasma cells, 
for example, have the CD138 marker, whereas 
CD20 and CD19 are the badges of a B cell. 
Matsui has shown that the myeloma stem cells 
lack CD138 but have CD20 and CD19, as well 
as CD27, which is found on memory B cells. 
However, these markers do not completely 
overlap with those identified by other labs. 
These disparate 
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Researchers in other 
cancers have found 
that cancer cells can shed and acquire stem-cell 
markers depending on their growth cycle, and 
on such factors as their proximity to the micro- 
environment, the activity of the immune sys- 
tem, and exposure to drugs. This may be even 
more common in myeloma because there are so 
many distinct stages of the disease. Matsui says 
it is possible that markers differ not just from 
person to person, but also within the same per- 
son during the course of the disease. 

The plasticity of cell surface markers could 
impede the translation of work to target can- 
cer stem cells into the clinic. “How can clini- 
cal trials proceed without reliable markers to 
indicate if a therapy is targeting cancer stem 
cells?” asks Wicha. It is likely but not proven, 
he says, that in curable cancers such as testicu- 
lar cancer, drugs happen to target both the bulk 
tumour cells and the cancer stem cells. Fur- 
thermore, autologous stem-cell replacement 
— the only treatment that has ever cured mul- 
tiple myeloma — probably eliminates cancer 
stem cells. Despite achieving good results, the 
stem-cell procedure is generally considered a 
last resort, because of the risks it entails. “Eve- 
rybody would greatly prefer if you could use 
treatments that didn't require a bone-marrow 
transplant,’ Wicha says. Many researchers 
are now investigating whether any drugs, or 
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a combination of drugs, can target myeloma 
stem cells, or whether they are missing the tar- 
get and new agents are needed. 


A MEASURE OF SUCCESS 

Gauging the success of a cancer stem-cell therapy 
poses its own problems. A clinical response to a 
drug is typically measured by tumour shrinkage. 
But the point of cancer stem-cell therapy is to 
prevent relapse and metastasis and to prolong 
survival — all outcomes that could take lengthy, 
large-scale clinical trials to demonstrate. It is 
therefore important to have an interim measure, 
such as reliable biomarkers to identify cancer 
stem cells. In this respect, multiple myeloma has 
another advantage: researchers can take repeat 
biopsies from patients’ bone marrow and blood 
more easily than they can from a solid tumour 
ina lung, breast or brain. Indeed, it is common 
to take repeat biopsies to track the progress of 
the disease, and researchers can use these biop- 
sies to track the effect of therapies on cancer 
stem cells. “This puts us way ahead of the curve 
compared to solid tumours,’ says Matsui, and 
this is one reason why some of the first trials to 
test the cancer stem-cell theory are in multiple 
myeloma. 

Matsui discontinued one effort using rituxi- 
mab, an antibody to CD20 that is used to treat 
lymphomas, after a small, 21-person phase II 
trial showed no improvement in progression- 
free survival compared with what might be 
expected with autologous stem-cell transplan- 
tation. Follow-up analysis showed that although 
the antibody targeted the putative myeloma stem 
cells, it did not kill them effectively. Matsui’s 
collaborators are now analysing whether the 
therapy reduced the burden of circulating M 
protein or the number of putative myeloma stem 
cells in the patients’ samples. Matsui and another 
team are separately using antibodies to CD20 
linked to a radioactive molecule to make them 
more effective. Other monoclonal antibodies 
targeting other markers are also in development. 

Killing myeloma stem cells will not be a 
replacement for therapies that target malig- 
nant plasma cells, which could kill the patient 
before the cancer stem-cell therapy has time to 
work. But targeting the cancer stem cells may 
turn short-term recoveries into long-term, 
disease-free survival. From a research stand- 
point, Wicha says, proving the cancer stem-cell 
theory in multiple myeloma is exciting because 
it could lead to a validation of the model for 
other cancers. There is increasing evidence 
that chasing cancer stem cells will ultimately 
be fruitful, he says. But the more we learn, the 
more we realize it is not straightforward. m 


Cathryn Delude is a science writer based in 
Andover, Massachusetts. 
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Pat Killingsworth prepares to receive an infusion of his own previously collected stem cells. 


STEM CELLS 


Transplants 


on trial 


Stem-cell transplants are animportant tool for treating 
myeloma. But with improved drug alternatives, doctors 
disagree about the best time to give the treatment. 


BY ELIE DOLGIN 


that he had multiple myeloma. His oncol- 
ogist, Steven Zeldenrust of the Mayo 
Clinic in Rochester, Minnesota, immediately 
gave him the latest combination of drugs: lena- 
lidomide, a derivative of the immunomodula- 
tory agent thalidomide that hit the market in 
2004, and an older chemotherapy agent called 
dexamethasone. Four months later, the clinic 
harvested and banked millions of Killingsworth’s 
blood stem cells in case he later needed a more 
extreme chemotherapy treatment that would 
destroy his bone marrow along with his cancer. 
For almost three years, Killingsworth showed. 
no signs of the disease, and his stem cells simply 


Pp at Killingsworth was 51 when he learned 


sat in the freezer. But in late 2010, the cancer 
started to creep back. Blood tests revealed ris- 
ing levels of monoclonal protein — a hallmark 
of multiple myeloma — and X-rays exposed 
several lesions in the bones around his hips, 
sternum, ribs and head. “At that point, I said: ‘It’s 
time to get serious,” recalls Killingsworth, now 
semi-retired and living in Florida. “We need to 
transplant.” This summer, he spent 16 days at the 
H. Lee Moffitt Cancer Center in Tampa, Florida, 
where he received high doses of chemotherapy 
with the drug melphalan to wipe out the mye- 
loma cells, followed by a transfusion of his own 
banked stem cells to replace diseased or dam- 
aged bone marrow. 

For weeks, he felt too nauseous to eat much or 
sleep through the night. But at least the stem-cell 
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harvest itself was not much of an ordeal — doc- 
tors used to collect bone-marrow stem cells from 
people surgically under anaesthesia, but they now 
take stem cells from the blood in the same way 
that blood banks collect platelets. Unfortunately, 
the therapy didn’t work, and Killingsworth’s 
cancer levels spiked after the procedure — a rare 
event seen in about 2-3% of cases. “I was look- 
ing forward to years of drug-free normal living? 
says Killingsworth. “T did everything right, itjust 
didnt take” In October 2011, he started a triple- 
drug regimen of lenalidomide, dexamethasone 
and the protease inhibitor bortezomib. 


DIVIDED OPINION 

For Killingsworth — author of the 2009 book 
Living with Myeloma and a patient’s advocate 
for Millennium Pharmaceuticals in Cambridge, 
Massachusetts — waiting until he relapsed 
before undergoing the arduous stem-cell trans- 
plant with its concomitant high-dose chemo- 
therapy was the right decision. 

“T could have gotten it right away, but there's 
still no research evidence that doing so makes 
any difference,’ he says. “My cancer had over 
four years to become therapy-resistant, so I sup- 
pose you could argue that something like that 
could have happened, but youd just be guess- 
ing.’ But myeloma specialists are still debating 
when to go ahead with such ‘autologous’ stem- 
cell transplants, so-called because they involve 
giving patients their own blood stem cells. 

Treating people with multiple myeloma is 
the most common reason for autotransplants, 
with more than 10,000 operations performed 
annually in the United States alone. For younger 
melanoma patients — generally those under 65, 
although some medical centres also perform 
the therapy on older, medically fit individuals 
— transplants provide the best hope of stopping 
the cancer in its tracks. Some residual melanoma 
cells sometimes survive in the banked stem cells, 
so researchers are investigating whether they 
can use disease-free cells from healthy donors 
instead. But the high rates of tissue rejection 
associated with donor transplants have made 
autotransplants the standard for the field. 

Even so, opinion is divided on the best treat- 
ment. Some myeloma specialists favour an 
aggressive treatment tactic, in which transplants 
are administered soon after diagnosis, when the 
disease is thought to be at its most vulnerable. 
Others opt for a milder protocol that reserves the 
hard-hitting transplant option — with its atten- 
dant risks of infection, bleeding and anaemia — 
asa last line of defence ifless toxic therapies fail. 

Investigations that compared early and late 
transplants indicated that both approaches 
extend people's lifespan by a comparable 
amount, normally one to two years on average’. 
But those studies were 
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used (see ‘More shots on target, page $40). 
“Novel agents have really changed the way we 
think about transplant,’ says Kenneth Anderson, 
medical director of the Dana-Farber Cancer 
Institute's Kraft Family Blood Center in Boston, 
Massachusetts. “The question now is: if you have 
such a high extent and frequency of response to 
novel agents, does a transplant add value or not?” 


TIMING THE TRANSPLANT 

Some of the first trial data attempting to answer 
this question were presented in the summer of 
2011 at the Congress of the European Hematol- 
ogy Association in London. Ina study of 402 
newly diagnosed patients, Antonio Palumbo, 
head of the myeloma unit at the University of 
Torino in Italy, found that 73% of people who 
underwent two rounds of high-dose chemother- 
apy and stem-cell transplantation were disease- 
free two years after treatment, compared with 
just 54% of those who received lenalidomide and 
conventional chemotherapy but no transplants. 
“Data are showing that transplant should be per- 
formed at diagnosis,’ says Palumbo, although he 
admits that long-term data are needed to see if 
there is any comparable effect on overall survival. 

Two similar trials of 1,000 patients each are 
planned in the United States and Europe to 
compare the efficacy of stem-cell transplants with 
new drugs and to determine whether delaying 
transplants, as Killingsworth did, makes any dif- 
ference to patient outcomes. Those results won't 
be known for many years, however. In the mean- 
time, researchers who study multiple myeloma 
remain divided about when, if and how to use 
transplantation therapy. “The burning question 
is: do we need to give transplants to patients up 
front or [should] we use new treatments?” says 
Philippe Moreau, a haemotologist at the Uni- 
versity Hospital of Nantes in France. “The novel 
agents are really changing the scenario” 

Mayo Clinic haematologist Vincent Rajkumar 
argues that much of the debate boils down toa 
fundamental difference of opinion over the end 
goal of myeloma treatment. “What's happening 
in myelomais really a clash of philosophies about 
whether this disease is curable or not,’ he says. 

Those who believe it can be cured gener- 
ally come in all guns blazing in the hopes of 
hitting the cancer hard and early, before sec- 
ondary mutations kick in or tumours adapt to 
their microenvironments, which would make 
treatment even more difficult. They tend to use 
stem-cell transplants within months of diagno- 
sis, sometimes in two back-to-back procedures, 
while simultaneously applying all the available 
therapeutic options. 

According to Michele Cavo, a haematologist 
at the University of Bologna in Italy, this is the 
approach favoured by most doctors in Europe. 
“European physicians,” he says, “prefer not to 
postpone transplant until the time of relapse” 
The aggressive tactic has some supporters in the 
United States too, notably Bart Barlogie, director 
of the Myeloma Institute for Research and Ther- 
apy at the University of Arkansas for Medical 


Sciences. “When you give everything up front 
you can have superior success,” Barlogie says. 


TOTAL THERAPY 

Since 1990, Barlogie has advanced a provoca- 
tively titled treatment called ‘total therapy, which 
involves a battery of chemotherapy drugs for a 
few months before giving patients two rounds of 
stem-cell transplantation. Using his procedure, 
he says, “we actually have been able to cure people 
with myeloma” Of the 231 people who received 
the first version of the therapy more than two 
decades ago — and so did not receive the recently 
approved drugs — around 50 are still alive, half of 
whom have never seen their cancer recur’. 

Over the years, Barlogie and his colleagues 
have updated their protocols to incorporate 
newer drugs, and have even found a gene signa- 
ture in myeloma cells that can reliably identify 
who will respond well to the therapy and who will 
not. By focusing on only those myeloma patients 
expected to respond, the Arkansas team reported 
last year that almost 90% of the recipients of the 

latest incarnation of 


Researchers total therapy — which 
remain divided incorporates lena- 
about when, if lidomide, thalidomide 
and how to use and dexamethasone 
transplants. — showed no signs of 


myeloma for at least 
four years after treatment. By using mathemati- 
cal models that incorporate long-term data from 
previous versions of total therapy, the researchers 
estimate that about half of all patients will have 
beaten the cancer for good’, 

“We believe this is a paradigm-shifting reality,” 
says Arkansas molecular biologist John Shaugh- 
nessy, who with Barlogie founded a molecular 
diagnostics company called Myeloma Health 
(now a subsidiary of New York-based Signal 
Genetics) to commercialize the genomic profile 
test. “Total therapy has revealed that cure is a pos- 
sibility,’ Shaughnessy says. 

But not everyone shares this view. Survival 
curves in similar blood cancers, such as leu- 
kaemia and lymphoma, level out over time — 
the hallmark of cure in the cancer field. This 
doesn't happen in patients undergoing treatment 
for multiple myeloma. So Rajkumar argues that 
some myeloma researchers are “widening the 
goalposts” by interpreting the word ‘cure’ to 
mean achieving in some patients a state of ‘sus- 
tained complete response; defined as a long-term 
absence ofa series of molecular markers. 

For those who believe that a cure is the goal 
of therapy, sustained complete response is a 
necessary first step, and high rates of complete 
response generally require intensive treatment. 
This leads many physicians to use more aggres- 
sive therapies, including early or repeat trans- 
plants, which can produce serious side effects 
such as blood clots and nerve damage. 

But many doctors dont accept this definition 
of ‘cure. And some are quick to point out that 
such cures have been achieved in some patients 
with multiple myeloma treated with protocols 
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that are far less aggressive than total therapy. 
Many doctors are therefore unwilling to risk 
their patients’ quality of life for an unproven cure, 
especially those who are responding well to more 
moderate therapies. 


PATIENT CHOICE 

Jean-Paul Fermand, a haematologist at the Hépi- 
tal Saint-Louis in Paris, sees another problem 
with the aggressive approach: the evolution of 
multidrug resistance. “If you use all the tools that 
you have at your disposal, there are risks of toxic- 
ity and of the tumour cells acquiring resistance 
against different classes of therapeutic agents,” 
he says. “And then ifa relapse occurs, you have 
no therapeutic options and the patient will die” 

For this reason, clinical trials aside, many doc- 
tors use a sequential approach instead of total 
therapy, and emphasize the balance between 
treatment efficacy and the patient's quality of 
life. They often use the least toxic regimens first 
and let patients decide for themselves when to 
perform the transplant. “I can’t look you in the 
eye and say I know what’ going to make you live 
longer because those trials haven't been done,’ 
Rajkumar says. “So we're willing to allow a lot of 
patient autonomy in making that call? 

Some doctors go even further, only using stem- 
cell transplants when nothing else seems to work. 
“T dont think transplants are worthwhile; says 
James Berenson, medical and scientific director 
of the Institute for Myeloma and Bone Cancer 
Research in West Hollywood, California. “You 
have to think long and hard about what you're 
doing to the patient and how [a stem-cell trans- 
plant] affects their long-term outcome.” 

For Dennis Dinger, a retired ceramics engineer 
in Clemson, South Carolina, who was diagnosed 
with myeloma a week after turning 60, the long- 
lasting side effects of stem-cell transplant are a 
reality of everyday life. Dinger started a protocol 
akin to total therapy in 2008 at St Francis Hospital 
in Greenville but had only one stem-cell trans- 
plant before heart problems and nerve damage 
cut his therapy short. Even so, Dinger, now 63 
and the author of the 2010 book My Bout with 
Multiple Myeloma, has no regrets. “Ican live with 
my fingers and toes not feeling right, and I wasn't 
all that active anyway, so the fact that my heart is 
not the equivalent of a marathon runner's is not 
a big deal to me; he says. “But the fact that the 
cancer is gone — that's the big deal” 

Another big deal will come when doctors agree 
on guidelines for best practice. But like so much 
else relating to stem-cell transplants, the question 
is: will the consensus come sooner or later? m 


Elie Dolgin is a news editor with Nature 
Medicine. 
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Bone marrow contains a rich variety of cells and structures that might affect the growth of cancer. 


Neighbourhood 


watch 


Inthe fight against myeloma, researchers are investigating its 
interactions with molecular neighbours in the bone marrow. 


BY VIRGINIA HUGHES 


tight budget in William Dalton’s lab in 
At mid-1990s led to a major discovery. 
His group was investigating the drug 
resistance that inevitably occurred in patients 
with multiple myeloma, a cancer affecting blood 
plasma cells. When isolated in the lab, these can- 
cer cells responded to treatment. So what hap- 
pened in the body to make them drug resistant? 
Dalton hada hunch that it was somehow con- 
nected with myeloma’s home in the bone mar- 
row, the spongy, bright-red tissue deep inside 
the bone that holds a motley mix of blood cells, 
chemicals, fats and proteins. The part he was 
most interested in was the extracellular matrix, 
a web of supportive proteins including collagen 
and fibronectin. “To be honest, fibronectin is 
cheaper than collagen, so we decided to study 
fibronectin,’ says Dalton, who is now chief 
executive of the Moffitt Cancer Center in Tampa, 


Florida. It turned out to be a good choice. 

The researchers placed myeloma cells in liquid 
suspension, either in a clean flask or in one 
coated with fibronectin. Myeloma cells in the 
uncoated flask died when exposed to two com- 
mon cancer drugs. In contrast, the cells in the 
coated flask attached to the fibronectin, as if they 
were homing into the bone marrow, and were 
able to survive the chemical onslaught. 

This work’, published in 1999, was a mile- 
stone in the study of myeloma’s microenviron- 
ment. Until the late 1980s, myeloma researchers 
had studied cancer cells largely in isolation 
because the bone marrow’s complexity is dif- 
ficult to mimic in the lab. Since then, thanks to 
improved cellular and animal models, research- 
ers have taken a closer look at the way myeloma 
exploits its many neighbours in the marrow, 
opening the way to new treatments. 

“There's a growing recognition that cancer has 
no respect for its neighbourhood — it hijacks 
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it,” Dalton says. “We've got to create models that 
consider this microenvironment and then start 
looking at new drugs and targets using this more 
complex model.” 


MAKING CONTACT 

The bone marrow is a colourful neighbour- 
hood, with residents young and old, fast and 
slow, transient and permanent. It holds stem 
cells, in all stages of differentiation, and their 
many descendants, including blood cells and 
bone cells. When one particular long-lived blood 
cell, a plasma cell, acquires a certain combination 
of genetic mutations, it leads to the unchecked 
growth of myeloma. The cancer cells and their 
healthy counterparts occupy the same niche in 
the bone marrow, along with signalling mol- 
ecules of the immune system called cytokines, 
supportive proteins such as fibronectin and col- 
lagen, and other blood cells. 

“Tt appears to bea cluster of cells that for some 
reason are drawn together,’ says Kelvin Lee, chair 
of immunology at the Roswell Park Cancer Insti- 
tute in Buffalo, New York. “You have all these 
things going on at the same time, in that niche, 
and so then that raises the question: do all those 
cells talk to each other?” 

In the first models of myeloma’s microen- 
vironment, researchers studied a cancer cell’s 
interaction with one neighbour at a time. This 
was the strategy that led Dalton to his discov- 
ery that myeloma can resist attack by sticking 
to fibronectin. Using a similar approach, several 
studies in the 1990s and early 2000s showed that 
when myeloma binds to various neighbours, it 
spurs them to produce growth factors that ben- 
efit the cancer cell. In one of the most studied 
examples, myeloma binds to the microenviron- 
ment’s stroma (a catch-all term for many types 
of blood cell), causing the stroma cells to secrete 
interleukin-6 (IL-6), which in turn stimulates the 
cancer cells to proliferate’. 

More recently, with the help of genetic 
screening techniques, researchers have started 
to unravel exactly how contact with the micro- 
environment changes the cancer cell's genetic 
program. They have found, for example, that 
attachment to cells in the stroma can activate 
biochemical pathways that result in cancer pro- 
liferation and migration, blood-vessel growth, 
further adhesion to microenvironment cells, and 
the breakdown of bone. A recent study suggests 
that myeloma can trigger cells in the microenvi- 
ronment to produce an enzyme that suppresses 
the activation of T cells — soldier cells of the 
immune system that would otherwise help the 
body to fight the cancer. “The myeloma cells are 
inducing the microenvironment to generate this 
immunosuppressive force field around them,” 
says Lee, who led the study. 

Intriguingly, it seems that these interactions 
with the microenvironment are the same in 
myeloma’ healthy counterparts, the plasma 
cells. The difference is that myeloma has a mys- 
terious way of expanding into more supportive 
niches, allowing it to grow unchecked. “Normal 
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COLOURFUL NEIGHBOURHOOD 


Myeloma cells live in the bone marrow, the spongy, bright-red tissue deep inside the bone 
that holds a motley mix of blood cells, immune molecules, fats and proteins. 


Multiple myeloma 
plasma cell 


plasma cells take up about 5% of your bone mar- 
row, whereas myeloma takes over the entirety of 
the marrow, Lee says. “It’s just anumbers game.” 


CLOSE TO THE BONE 

Around the same time that Dalton was uncover- 
ing the microenvironment’ role in drug resist- 
ance, another group was revealing its role in the 
cancer’s survival and proliferation. 

One of the difficulties of working with mye- 
loma is that the cells by themselves will not pro- 
liferate in cell culture. In 1998, Joshua Epstein’s 
group at the University of Arkansas for Medical 
Sciences in Little Rock discovered how to make 
them grow inside a mouse — albeit an odd one’. 

The researchers used a newly developed 
mouse model called SCID-hu, in which a piece 
of human bone is implanted under the skin of 
immune-deficient mice (see “Towards a myeloma 
mouse, page $38). Epstein injected these animals 
with fresh bone-marrow cells from patients with 
multiple myeloma. “Lo and behold, the bones 
developed myeloma,’ says Epstein. “It became 
very clear to us that the tumour cells depend on 
the human bone-marrow microenvironment, 
because they wouldn't grow anywhere else?” 

The SCID-hu model allowed Epstein to inves- 
tigate which part of the microenvironment was 
helping the cells to thrive. He first focused on 
the cells that were already known to change 
with myeloma growth in patients: bone cells. 

Myeloma degrades bone 
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tissue while others called osteoblasts lay down 
new bone. In 1991, French researchers reported 
that patients in the very early stages of multiple 
myeloma have elevated numbers of both osteo- 
clasts and osteoblasts, whereas in later stages of 
the disease they exhibited eroded bone surfaces 
anda sharp drop in osteoblast activity. 

Epstein’s group decided to investigate osteo- 
clast activity in SCID-hu mouse models of 
myeloma. They showed that osteoclast-block- 
ing drugs curbed bone destruction and tumour 
growth in the animals. They later found similar 
improvements by injecting the mice with osteo- 
blast progenitor cells. 

This research highlights what Epstein calls 
the “dangerous tango” of bone cells and cancer 
cells. “This is evidence that all the changes in 
bone metabolism that myeloma induces are not 
a simple manifestation or by-product, but rather 
an integral part of the disease,” he says. 


TREATMENT IMPLICATIONS 
The growing interest in the myeloma micro- 
environment has led researchers to take a new 
approach to treatments. Rather than targeting 
the myeloma cells — whose genetic instability 
allows them to mutate quickly to evade drugs 
— why not go after their cellular neighbours? 

Several groups of researchers are studying 
immune cells in the stroma called dendritic 
cells, for example. In 2007, Lee found that when 
myeloma cells encounter dendritic cells, the 
myeloma cells produce CD28, a signalling mol- 
ecule in the immune system. CD28 then protects 
the myeloma from cancer drugs. 

This was an exciting discovery, Lee says, 
because CD28 and similar molecules have 
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long-established roles in the immune system 
and have already been targets of drugs used to 
treat rheumatoid arthritis and organ transplant 
rejection. “I suspect there is a whole bucketload 
of drugs that the rheumatologists and organ- 
transplant folks have been using that will be 
active in multiple myeloma,’ he says. 

Kenneth Anderson, director of the Jerome 
Lipper Multiple Myeloma Center at the Dana- 
Farber Cancer Institute in Boston, Massachu- 
setts, has taken an interest in another resident 
of the stroma: the plasmacytoid dendritic cell. 
In 2009, Anderson's team reported that in mye- 
loma, plasmacytoid dendritic cells are immature 
and fail to trigger the host's immune response, 
allowing myeloma to thrive. Targeting these 
dendritic cells with pieces of synthetic DNA 
called CpG oligodeoxynucleotides can restore 
their development and dampen myeloma’ abil- 
ity to acquire drug resistance. The CpG oligode- 
oxynucleotides “don’t have any direct action on 
the tumour itself”, says Anderson. “It’s a really 
good example of targeting only the microenvi- 
ronment and having an effect on the tumour? 

But because the microenvironment has so 
many influential characters, approaches that 
target only one aren't likely to have much effect. 
For example, after the early discoveries that 
IL-6 stimulates the growth of myeloma, Dalton 
and others tested methods of suppressing IL-6. 
Unfortunately, this approach “hasn't panned 
out to be, byitself, a very successful target thera- 
peutically”, says Ken Shain, one of Dalton’s col- 
leagues at the Moffitt Cancer Center. 

So researchers have expanded the number of 
neighbours they study at the same time. Ander- 
son, working with Dana-Farber colleague Con- 
stantine Mitsiades, last year published a method 
for screening drug candidates against myeloma 
cells in the presence of stromal cells. “The spec- 
trum of potential therapeutic targets is vastly 
expanded by virtue of having the ability to study 
the tumour cell—-host interaction,’ he says. 

Dalton has also moved away from studying 
individual neighbours — suchas fibronectin — 
to looking at the entire street. Dalton and Shain 
showed in 2009 that myeloma cells in the pres- 
ence of both fibronectin and IL-6 activate a slew 
of pathways that are not turned on when either 
neighbour is there alone. They are now working 
with bioinformatics experts to create mathemat- 
ical models that can account for multiple factors 
at the same time and so potentially predict how 
the various neighbours interact. 

“It’s exciting because it’s starting to give us 
clues about how we would eventually combine 
therapies to interfere with the microenviron- 
ment’ influence,’ Dalton says. “As my mathema- 
tician colleagues tell me, we've got to embrace the 
complexity and not run away from it? m 


Virginia Hughes is a science writer based in 
Brooklyn, New York. 
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Acommon aberration is a switching of parts chromosomes 14 and 11 (shown here in red and green) 


Profiling a 
shape-shifter 


Unlocking the genetic secrets of multiple myeloma could 
reveal new ways to attack this killer disease. 


BY COURTNEY HUMPHRIES 


myeloma, two factors seem to dictate the dis- 

ease process: the internal genetic alterations 
within cancerous plasma cells, and their external 
environment in the bone marrow. Nikhil Mun- 
shi, who studies myeloma at the Dana-Farber 
Cancer Institute in Boston, Massachusetts, says 
that although the cells’ environment is impor- 
tant, “most of the tumour behaviour is pre- 
determined by the genetic make-up”. Multiple 
myeloma is more prevalent in African Ameri- 
cans, for example, and sometimes seems to be 
inherited in families, but even so, most of its 


lE the chain of events leading to multiple 
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genetic aberrations arise independently. 

Understanding the nature of these genetic 
abnormalities has been the focus of decades of 
research. Tools that characterize the cancer cells 
at the molecular level have been useful for clas- 
sifying patients, determining the severity of the 
disease, and guiding treatment strategies. 

But multiple myeloma poses a daunting chal- 
lenge for scientists. It takes many forms, and 
patients who have the disease can experience 
very different symptoms, disease courses and 
responses to treatments. Indeed, the variability 
extends to the tumours themselves. Genomics 
has led to fresh discoveries — and more com- 
plexity. “The more sophisticated the genomic 
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technology becomes, the more heterogeneity 
weve identified,’ says Kenneth Anderson, head 
of haematologic neoplasias at the Dana-Farber 
Cancer Institute in Boston, Massachusetts. 


LOST IN TRANSLATION 

Multiple myeloma stands apart from other 
cancers in always being preceded by an iden- 
tifiable premalignant state, called ‘monoclonal 
gammopathy of undetermined significance’ 
(MGUS). This window into the early stages of 
the disease provides an opportunity for scientists 
to study patients who are at risk of developing 
myeloma and to tease apart the genetic differ- 
ences between the benign condition and the 
disease. These studies, along with research on 
patients at different stages of disease, have shown 
that myeloma unfolds in a stepwise progression 
as the genetic abnormalities accumulate. 

In myeloma, antibody-producing B cells 
often acquire extra copies of chromosomes and 
genetic translocations across chromosomes. 
Most of the translocations involve chromosome 
14, at the immunoglobulin switch region, which 
normally allows B cells to control which anti- 
body, or immunoglobulin, they produce. As a 
result, immunoglobulin production is increased. 

Leif Bergsagel, a haematological oncologist at 
the Mayo Clinic in Scottsdale, Arizona, explains 
that these early ‘primary events’ all activate cyc- 
lin-dependent kinases, which control the cell 
cycle. The aberrant activation of these kinases, 
he says, is “a unifying event in the pathogenesis 
of the disease”. Further genetic abnormalities 
unfold as the disease progresses, including muta- 
tions that activate the RAS oncogene, switch on 
the transcription factor NF-«B, dysregulate 
the transcription factor Myc, or inactivate the 
tumour-suppressor protein p53. One of the most 
notable characteristics of these mutations is that 
none of them are common to all patients — or 
even most patients. This variation has made it 
possible to stratify patients into at least six dif- 
ferent disease subgroups, and to separate them 
according to low, high or intermediate risk. More 
recently, gene expression profiling has also been 
used to identify high-risk patients, who consti- 
tute about 15% of newly diagnosed patients. 

Getting a clear picture of the disease’s vari- 
ous forms should yield better ways to classify 
patients, choose treatments and develop drugs. 
“There’s a growing conviction in the cancer 
community that the path to better therapies for 
multiple myeloma is to identify the root causes 
of the disease,’ however multifactorial they are, 
says Todd Golub, a genomic-medicine specialist 
at Dana-Farber and director of the cancer pro- 
gramme at the Broad Institute in Cambridge, 
Massachusetts. “Historically, we've been doing 
that in a very ad hoc fashion” 


IN SEQUENCE 

Golub is one of the leaders of an ambitious effort 
to sequence the myeloma genome. Ina paper 
published in Nature in March 2011, Golub and 
aconsortium of researchers published the most 
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complete genomic analysis of myeloma to date’. 
They reported sequencing 38 cancer genomes 
— 23 by whole-genome sequencing and 16 by 
whole-exome sequencing, with one patient ana- 
lysed by both. One surprising discovery was that 
42% of patients had mutations in genes involved 
in RNA processing or protein translation. This 
finding suggests that flaws in protein regulation 
may play a major role in the disease. Golub says 
this is a fundamentally new idea that “was not 
on anyone’ radar”. 

The analysis also confirmed previous find- 
ings, including those concerning activation of 
NE-«B. “Now we have a much richer view of 
what's going on,” says Golub. Sequencing identi- 
fied mutations in 11 different components of the 
NF-«B pathway, showing that several different 
mutations can lead to the gene’ inactivation, and 
that an assortment of different factors can have 
the same effect. 

This is a theme that Golub thinks could be 
important in making sense of the diseases diver- 
sity. “Individually, these mutations are rare; he 
says, “but collectively, as a set of mutations and 
a set of genes that activate a particular pathway, 
they're quite common,’ Essentially, he says, many 
diverse mutations funnel into a few common 
pathways. It may be that targeting these pathways 
could bea useful therapeutic strategy, rather than 
trying to home in on each individual mutation. 

The researchers also made one discovery that 
could have a more immediate clinical benefit. 
One patient harboured a BRAF kinase muta- 
tion that was previously unseen in myeloma but 
known to be involved in other cancers, especially 
melanoma. Sequencing a further 161 patients 
showed that 7 had BRAF mutations. The find- 
ings indicate that a small number of myeloma 
patients might benefit from the BRAF inhibitors 
already developed to treat melanoma. 

The Multiple Myeloma Research Founda- 
tion (MMREF) in Norwalk, Connecticut, which 
funded Golub’s study, is now leading an effort to 


TRACKING PROGRESSION 


The pattern of gene expression clearly changes 
as MGUS and myeloma develop. 


Normal 


profile more patients for BRAF mutations in the 
hope of launching a clinical trial to test the mela- 
noma drugs — an endeavour that the MMRF’s 
chief scientific officer Louise Perkins admits 
is “an expensive and risky bet”. The approach 
may prove fruitful for the few myeloma patients 
who could benefit from drugs targeted to their 
specific mutations but originally developed for 
other cancers. 

The MMRE study represents the most com- 
prehensive set of cancer genomes yet published. 
It brought together several academic institu- 
tions, including the Broad Institute and a long- 
time competitor, the Translational Genomics 
Research Institute based in Phoenix, Arizona. 
This effort was just a first step: the MMREF hopes 
to sequence at least 250 myeloma genomes in 
the near future. 


MOVING TARGET 
The ability to isolate multiple myeloma tumours 
from the blood and bone marrow has made the 
disease more amenable to genetic profiling than 
many solid tumours. But significant challenges 
to understanding the disease remain, particu- 
larly from the cancer’s own chaotic genome. In 
addition to the inherent complexity in the mye- 
loma genome, there is 
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genome cHanges be linked to the dis- 


ease becoming more 
severe or developing 
drug resistance, and 
may eventually prove useful in monitoring the 
disease and treatment. Munshi’s group has found 
evidence that the myeloma genome is unstable, 
and is investigating whether targeting this fun- 
damental instability could be a promising thera- 
peutic strategy. 

As well as these genetic changes, researchers 
have recently found that microRNA expression 
correlates with different subtypes of disease and 
survival, providing another potential molecular 
tool to analyse and target disease mechanisms. 

The goal now, says Anderson, is to combine 
these methods of molecular analysis to provide 
aclearer picture of the genome’ heterogeneity. 
Because the cancer’s genome changes with pro- 
gression and treatment, it is important to study 
large groups of patients to find reproducible pat- 
terns in the way their treatments affect the cancer 
genome. Anderson is optimistic that such studies 
will make it possible to find clinically useful sig- 
natures of disease type and progression, which 
will aid the ultimate goal: “to get the right treat- 
ments to the right patients at the right time” m 


same patient.” 


Courtney Humphries is a science writer 
based in Boston, Massachusetts. 
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RISK ASSESSMENT 
Looking for clues 


Multiple myeloma is not a uniform 
disease. Ideally, doctors would like 

to treat each patient according to 

the distinct molecular profile of their 
cancer. Cytogenetic analysis makes it 
possible to group patients into several 
subclasses based on their particular 
genetic abnormalities. Several of these 
abnormalities are associated with either 
a higher or a lower risk: a deletion in 
chromosome 17 found in about 15% of 
patients, for instance, is associated with 
a short survival time and can be used to 
identify high-risk patients. But there is no 
definitive way to classify each myeloma 
into a molecular subtype that correlates 
with clinical outcome. 

Over the past decade, several groups 
have used gene expression profiling to 
group patients. A team at the University 
of Arkansas for Medical Sciences (UAMS) 
in Little Rock has developed a model 
for predicting prognosis based on the 
expression profiles of 70 genes. John 
Shaughnessy, director of the Lambert 
Laboratory of Myeloma Genetics at 
UAMS, says the profiles show that 
myeloma is, genetically, “not one disease 
but eight different molecularly definable 
groups”. About 20% of newly diagnosed 
patients, he says, have signatures 
indicating a high risk of the cancer 
returning after treatment. Shaughnessy 
started a company, Signal Genetics, 
which profiles patients using these 70 
genes to aid doctors’ decision-making. 

As a sign of how heterogeneous the 
cancer is, other groups have developed 
their own metrics. The Intergroupe 
Francophone du Myelome in France, for 
instance, has come up with a 15-gene 
model. Few of the genes identified in the 
two models overlap. Part of the problem 
is that different groups of patients are 
given slightly different treatments; the 
models tend to lose predictive power 
when applied to other sets of patients. 

So far, these techniques have identified 
the patients with the worst prognosis. 

“It tells you they’re not going to do well 
— it doesn’t tell you how they would do 
better,” says Leif Bergsagel of the Mayo 
Clinic in Arizona. Identifying patients 

who are unlikely to benefit from current 
medication could help them avoid 
unnecessary treatment and identify 
candidates for new treatments. But no 
genetic event has been found to be linked 
with cure or even long-term survival — 
there is, as yet,no sign of success. CH. 
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Better view: positron emission tomography can show how patients respond to treatment. 


Seeing is believing 


New technology to peer into the bones could help improve the treatment of 


multiple myeloma patients. 


BY CASSANDRA WILLYARD 


oopur Raje first met Ben (not his real 
N= in 2006. Blood tests and a bone- 

marrow biopsy revealed that Ben had 
a type of multiple myeloma. But unlike most 
patients, who have cancerous lesions through- 
out their body, Ben had just one — a big one — 
on his rib. Raje, an oncologist at Massachusetts 
General Hospital in Boston, had seen cases like 
this before. She irradiated the cancer and began 
scanning Ben once a year, just in case. 

The scan Raje prescribed is really two scans 
in one. The first identifies areas of active cancer. 
The second uses X-rays to create a three-dimen- 
sional image of the body’s interior. Together, the 
scans allowed Raje to track Ben’s disease. 

Ben's first scan showed that the treatment 
had worked: the cancer was gone. But two years 
later, in another scan, “he lit up like a Christmas 
tree’, Raje says. The imaging showed that Ben’s 


rib lesion had returned, and he also had new 
masses around his kidneys and adrenal glands. 
At the time, he felt fine and his blood tests were 
normal. Raje put him on an aggressive treatment 
regimen. He experienced an almost complete 
remission, and today he is in good health. 

Ben's case illustrates the importance of imag- 
ing technologies in the treatment of multiple 
myeloma. New techniques, along with refine- 
ments to existing technologies, promise to give 
doctors more accurate information to help them 
spot myeloma, predict how fast and far it will 
spread, and tailor treatments based on the char- 
acteristics of the individual's disease. 


IMAGING IN THE CLINIC 

Cancerous skeletal lesions, which resemble pits in 
the bone, are a hallmark of multiple myeloma. A 
skeletal survey using an X-ray machine has long 
been the gold standard for spotting these lesions, 
and the International Myeloma Working Group 
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still recommends that doctors conduct such a 
survey once the disease is suspected. Radiog- 
raphy machines are inexpensive and widely 
available, but the process can be slow and uncom- 
fortable for patients. To ensure that the radiolo- 
gist gets images of the entire skeleton, patients 
must reposition themselves frequently. “You have 
to lie on your side and then stand up — there's 
a huge amount of moving around,’ says Ciaran 
Healy, a radiologist at Mater Misericordiae Uni- 
versity Hospital in Dublin, Ireland. For patients 
who are frail or already in pain, the process can be 
agonizing. And X-rays tend to miss small lesions. 

A variety of newer, more sensitive imaging 
technologies are now used to examine patients 
with multiple myeloma, but researchers are still 
figuring out how best to use them. Healy’s team 
has replaced the skeletal survey with low-dose 
computed tomography (CT), which combines 
several X-ray images to create a three-dimen- 
sional picture. One benefit is that CT scans are 
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quicker and detect more and smaller lesions than 
standard X-rays; another is that the patient can 
lie down throughout the scan. 

Many medical centres, including Mater Mis- 
ericordiae, also use magnetic resonance imag- 
ing (MRI) to spot multiple myeloma. X-rays and 
low-dose CT scans can find lesions in the bone, 
but MRI is better at detecting cancer in the soft 
marrow inside the bones. “It can identify not 
only very small lesions, but lesions which spread 
around the spinal cord,’ says Homer Macapin- 
lac, chair of the nuclear-medicine department 
at the M. D. Anderson Cancer Center in Hou- 
ston, Texas. Spotting these lesions is particularly 
important because they can press against the 
spinal cord and cause paralysis. 

Studying MRI images can also help doctors 
decide where to biopsy. In some patients, can- 
cer cells are concentrated in clusters, or hotspots, 
in the bone marrow. If the biopsy misses those 
lesions, “you might miss a diagnosis’, says Ron- 
ald Walker, a radiologist and nuclear-medicine 
physician at the Vanderbilt-Ingram Cancer 
Center in Nashville, Tennessee. Also, because 
MRI relies on radio waves and strong magnets, 
radiation exposure is not a concern. However, 
MRI is more expensive and time consuming 
than CT scans. And because the conventional 
MRIis “optimized for the marrow’, Walker says, 
scans may not detect cancer that has spread out- 
side the bones into the surrounding soft tissue. 


SEEING A RESPONSE 

Imaging techniques have long been used to 
help diagnose patients and determine the stage 
of disease. They can now be used to investigate 
the response to treatment. New cancer is imme- 
diately evident in MRI scans, so it can catch a 
relapse, but the changes associated with a thera- 
peutic response can take years to show up. 

In the 1990s, oncologists working with multi- 
ple myeloma patients began combining CT with 
positron emission tomography (PET), which lets 
them visualize biological processes in the body. 
The radiologist injects a radioactive tracer and 
a scanner detects the gamma radiation it emits. 
The most widely used tracer, fluorodeoxyglucose 
(FDG), allows researchers to track the uptake of 
glucose. Cancer cells grow and divide faster than 
normal cells, so they usually use more glucose. 
Areas of high glucose uptake show up as bright 
spots on the PET image. Combining PET and 
CT locates these bright spots in the body. It was 
a PET-CT scan that alerted Raje to Ben's relapse. 

Although whole-body MRI is better than 
PET-CT at picking up active cancer’, PET-CT 
is more effective at determining whether a patient 
is responding to therapy. If treatment works, 
the cells stop proliferating, use less glucose and 
become dimmer on the image. The largest and 
most comprehensive study of the use of imag- 
ing to detect treatment response in multiple 
myeloma found that the number and intensity 
of active cancer spots on a PET-CT scan was 
predictive of how patients respond to therapy’. 
“The higher the number of hotspots and the 


greater their intensity, the poorer the outcome,” 
says Bart Barlogie, director of the Myeloma Insti- 
tute for Research and Therapy at the University 
of Arkansas for Medical Sciences in Little Rock. 
Barlogie now relies on PET-CT scans to individ- 
ualize treatment. “We do the scanning sometimes 
ona weekly basis,’ he says. “And if the lights don't 
dim ina week, we know the drug is not active and 
we change course.” 


TRACING THE FUTURE 

Researchers are working to develop imaging 
techniques that will make it easier to detect and 
treat myeloma. One approach used with MRI 
involves introducing a chelated form of gado- 
linium, which acts as a contrast agent to help 


= 1." ‘ 
A reconstruction of the lumbar spine and pelvis 
reveals ‘punched out’ lesions caused by myeloma. 


researchers quantify blood flow in the bone 
marrow. Jens Hillengass, a haematologist at the 
University of Heidelberg in Germany, has been 
investigating this technique — called dynamic 
contrast-enhanced MRI (DCE-MRI) — for 
more than a decade. 

First, a pump intravenously injects the agent, 
which travels through the blood vessels. Multi- 
ple scans allow physicians to track the agent and 
quantify blood flow and vessel density in the 
bone marrow. The technique also helps doctors 
measure the leakiness of blood vessels, which 
is usually higher in areas of malignancy. This 
measurement could enable DCE-MRI to spot 
signs of progression in patients with ‘smoulder- 
ing myeloma — an early form of the disease — 
sooner than other imaging techniques. “We are 
hoping that this would help to define patients 
at risk of going on to symptomatic myeloma,’ 
Hillengass says. 

Hillengass’s group is also investigating another 
version of MRI, called diffusion-weighted imag- 
ing (DWI), which measures the diffusion of 
water molecules through tissue. In regions of 
the body with a low density of cells, water can 
travel farther than in areas where cells are packed 
tightly together, such as malignant areas of the 
bone marrow. Hillengass suspects that DWI 
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could help doctors track the progression of early 
stage myeloma. 

Another promising direction involves new 
tracers to identify lesions in PET imaging. “A lot 
of the lesions in myeloma do not have increased 
glucose uptake,” says Ola Landgren, head of the 
multiple myeloma section at the National Can- 
cer Institute in Bethesda, Maryland. A tracer 
known as 18F-FLT measures the rate of DNA 
synthesis, rather than glucose uptake. Because 
cancer cells cycle more rapidly than normal 
cells, they synthesize more DNA. However, the 
rate of DNA synthesis is also high in normal 
bone-marrow cells, minimizing the difference 
between cancer cells and normal bone-marrow 
cells. “It’s like trying to identify chocolate chips 
ina chocolate cupcake,” Macapinlac says. “They 
kind ofall blend in” But 18F-FLT can detect a 
patient’s response sooner than FDG. “You dont 
have to wait for several cycles of therapy,’ he says. 

Scientists are also investigating a PET tracer 
that is preferentially taken up by bone-forming 
cells. This tracer, 18F-sodium fluoride (NaF), 
was approved in the 1970s but was not widely 
adopted because for many years PET scanners 
were expensive and scarce. Now they are widely 
available, researchers are investigating how the 
NaF tracer can help myeloma patients. There is 
evidence from a South Korean PET study that 
NaF is better than FDG at spotting bone lesions. 
Doctors used to think that “once you have a hole 
in the bone, it’s not ever going to heal’, says Raje. 
But new therapies that promote bone formation 
are challenging that wisdom. And tracers such 
as NaF might enable physicians to observe this 
healing process in real time. 

A machine that combines PET imaging with 
MRI could offer the most complete picture of 
multiple myeloma. The US Food and Drug 
Administration approved the first such system, 
manufactured by Siemens Medical Solutions 
of Malvern, Pennsylania, in June 2011. It could 
provide all the benefits of PET-CT without 
exposure to radiation. This is especially useful 
for younger patients, who have a greater risk of 
developing CT-related cancers, Macapinlac says. 
Researchers are working to optimize the algo- 
rithms needed to reconstruct the PET images 
and to make it quicker to do scans, he adds. 

New imaging techniques could improve the 
care for myeloma patients and lead to a greater 
understanding of cancer biology. “One of the 
problems whenever people do bench work is 
they remove a tumour from the milieu of the 
human host,’ says Walker. Cancer cells can act 
differently outside the body. Imaging that allows 
researchers to track tumours in their natural 
habitat could lead to insights and drive the devel- 
opment of new treatments — and help patients 
like Ben stay cancer free. m 


Cassandra Willyard is a freelance science 
writer based in Brooklyn, New York. 
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The path to disease 


Multiple myeloma begins with a benign condition before progression to full-blown cancer, 
and work is underway to uncover the origins of both. 


BY CYNTHIA GRABER 


ultiple myeloma takes root years before 
Me symptoms appear. Some plasma 
cells avoid the normal checks in the 
bone marrow and begin to clone themselves and 
proliferate, a condition known as ‘monoclonal 
gammopathy of undetermined significance’ 
(MGUS), which can persist for years or even dec- 
ades. It might begin to weaken bones and cause 
some protein deposits on organs, but the patient 
typically never feels a thing. In multiple myeloma, 
however, these same monoclonal plasma cells 
explode in numbers and become malignant, caus- 
ing anaemia, bone destruction and kidney failure. 
Only about 1% of people with MGUS 
develop full-blown multiple myeloma each year. 
But several questions remain, with implica- 
tions for early intervention and treatment. Most 
importantly, what causes MGUS to develop in 
the first place? And what is it that catapults the 
quiescent MGUS cells into the deadly disease of 
multiple myeloma? 


THE ORIGINAL CAUSE 

The origins of MGUS are mysterious, although 
researchers have been able to tease out a variety 
of risk factors. Men seem to be at higher risk than 
women. Individuals whose immune systems 
have been suppressed by autoimmune diseases 


seem to develop the disease at greater numbers, 
as do people over the age of 50. Some of these 
trends may be due to the body’s heightened effort 
(in the case of diseases) or long-term struggle (in 
the case of age) to produce cells to fight infection, 
until finally one mutates and proliferates. “Ifyou 
are older, the plasma cells are more likely to be 
responding to antigenic stimulation [such as an 
infection] all the time,’ explains haematologist 
Vincent Rajkumar, a multiple myeloma special- 
ist at the Mayo Clinic in Rochester, Minnesota, 
“and at some point a mistake is going to happen” 
Another likely cause is genetics. There is a 
greater risk of developing MGUS if an immedi- 
ate family member has the disease, although it 
is not clear whether this is due to genetics, the 
environment or a combination of the two. And 
several studies have shown that African-Ameri- 
cans contract MGUS at roughly twice the rate as 
Caucasians, after adjusting for potential socio- 
economic and environmental effects. 
Environmental connections are also suspected 
in both MGUS and multiple myeloma. A few 
years after the attacks on 11 September 2001, 
researchers tasked with evaluating the health 
impacts of the fires and dust from the World 
Trade Center alerted the public that a number 
of first responders had contracted multiple mye- 
loma. A statistically significant link to the event 
has not held up over time, however. Despite this 
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lack ofa convincing connection, epidemiological 
studies have focused on whether there is a link 
with specific chemicals, or classes of chemicals. 
Some studies suggest that firefighters generally 
seem to contract multiple myeloma at higher 
rates, and farm workers may too. 

According to a Mayo Clinic review published 
in 2010, the incidence of MGUS rises with 
increased pesticide exposure. Rajkumar, one of 
the review’s authors, highlights exposure to ben- 
zene, petrochemicals and pesticides as factors 
that have been shown to place people at higher 
risk, suggesting that these chemicals may lead 
to DNA mutations that could convert normal 
plasma cells into malignant ones. 

But W. Michael Kuehl, who studies the causes 
of multiple myeloma at the National Cancer 
Institute (NCI) in Bethesda, Maryland, maintains 
that the environmental triggers have not yet been 
proven. “It’s very hard to make sure that the con- 
trol group and the ‘at risk’ group are exactly the 
same” in epidemiological studies, he says. 

Brian Durie, a myeloma specialist at the 
Cedars-Sinai Outpatient Cancer Center in 
Los Angeles, California, 


thinks the environmental DNATURE.COM 
impact may be significant, For some of the 
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Right, red staining in the plasma cells shows that myeloma has developed. 


an increasing number of links between these spe- 
cific chemicals and myeloma,’ says Durie, who 
is also chairman of the International Myeloma 
Foundation in North Hollywood. 


BECOMING MALIGNANT 

Rajkumar likens MGUS to a polyp that has yet 
to develop into colon cancer. “It stays quiet? he 
says, “unless it gets a second hit, at which point 
it becomes malignant colon cancer. Similarly, 
MGUS then becomes myeloma. That second 
hit — why it happens, who gets it — that’s also 
unknown.” It may be, he suggests, a combination 
of genetics and environmental impact. 

The effects of MGUS and multiple myeloma 
are vastly different, but the cells look similar. 
Although the cells in advanced myeloma have 
mutations not found in MGUS cells, a researcher 
given a cell would be hard pressed to determine 
which sort it is. 

Some of the differences lie in the bone marrow 
and the bone — the tumour’s microenvironment 
(see ‘Neighbourhood watch, page $48). This 
environment had previously limited the cell’s 
ability to proliferate, but suddenly, either through 
changes in the cells themselves or changes in the 
bone and marrow, that microenvironment starts 
contributing to a cell’s unchecked growth. 

Ina healthy individual, the activities of bone- 
creating osteoblasts and bone-absorbing osteo- 
clasts are balanced. The signals from myeloma’s 
plasma cells, however, inhibit the growth of 
osteoblasts and stimulate the growth and activ- 
ity of osteoclasts (see ‘Structural support; page 
S56). Asa result, bone destruction races ahead 
of bone creation. David Roodman, director of 
the Multiple Myeloma Center at the University of 
Pittsburgh Cancer Institute in Pennsylvania, who 
has conducted extensive research on the tumour’s 
microenvironment, says that osteoclasts also pro- 
vide several growth factors for the tumour cells. 


So as well as weakening the bone, the osteoclasts 
help the tumour cells multiply. 

The myeloma cells also develop modifications 
that help them survive outside the niche in which 
they were formed. “We don't know whether it’s 
a change in the plasma cell or a change in the 
microenvironment” that triggers these adapta- 
tions, says Roodman. Either way, he says, the 
implication is that treatments to control the 
tumoutr's growth could be targeted to the micro- 
environment as well as the tumour. 

Several different genetic mutations can lead 
to the same result: mutated, proliferating plasma 
cells. Genes in plasma cells constantly rearrange 
themselves so they can respond to a variety of 
threats by creating appropriate antibodies; the 

diversity of that rear- 


Several diffe erent rangement, and thus 
mutations can the diversity of the 
lead to the same antibodies, helps us 
result: mutated, fight infections and 
proliferating diseases. But in mul- 
plasma cells. tiple myeloma, this 


genetic rearrangement 
leads to one or several unwanted mutations, set- 
ting offa chain reaction that results in the cells 
overexpressing and creating unchecked clones. 
In addition, the DKK1 gene may aid the 
destruction of osteoblasts and the proliferation 
of osteoclasts, although the mechanism for the 
activation of the gene is unknown. The DKK1 
protein produced by the gene seems to trigger 
events that prevent bone reconstruction and 
drive bone destruction. This link, discovered in 
2003 by researchers at the University of Arkan- 
sas for Medical Sciences (UAMS) in Little Rock, 
demonstrates that multiple myeloma cells pro- 
duce DKK1. John Shaughnessy, director of basic 
research at the Myeloma Institute for Research 
and Therapy at UAMS, and the study’s lead 
researcher, says there is a positive feedback loop 
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at work: DKK] may support the growth of more 
myeloma cells through increased production 
of osteoclasts. Indeed, Shaughnessy’s group has 
shown that elevated levels of DKK1 expression 
within MGUS plasma cells are predictive of 
conversion to multiple myeloma. Shaughnessy 
is particularly excited about the development 
ofa drug, now in phase II clinical trials, to mop 
up DKK1. He is optimistic that the drug will 
not cause serious side effects, because although 
DKK_1 is important for embryonic development, 
it plays no significant role in adult biology. 


ON THE MAP 

Researchers have been narrowing down which 
aspects of MGUS make it more likely to undergo 
asecond series of mutations to become multiple 
myeloma. For instance, the precancerous cells 
are no longer normal plasma cells, so the antibod- 
ies they create are not the sameas those produced 
by a normal cell. The mix of ‘heavy chair’ pro- 
teins to ‘light chair’ proteins is out of proportion, 
with more light proteins being excreted into the 
blood. Understanding such changes and deter- 
mining which of them are more likely to lead 
to myeloma will help doctors and researchers 
figure out which patients are most at risk. 

There is still a great deal of information to be 
collected, says Ola Landgren, who heads multiple 
myeloma research at the NCI. His lab is enrolling 
250 patients with either MGUS or smouldering 
myeloma, and plans to follow them for at least 
five years. Landgren says his team will be able 
to evaluate the differences between the end of 
the study and the beginning, for those who pro- 
gressed to disease and those who didn't, through 
avariety of assays including sequencing and gene 
expression. It amounts to “a lot of fishing to try to 
build a map’, he says. 

Research is underway to help researchers 
understand the origins of the disease and home 
in on the specific cellular pathways involved. 
Epidemiological studies should help them under- 
stand who is more susceptible to MGUS in the 
first place. If we know why people get it, says 
Rajkumar, “we can try to do something about it” 
(see “The early bird, page S36). Studies focusing 
on mutations, abnormalities, plasma cell path- 
ways, and interactions with the tumour micro- 
environment, along with studies of markers to 
help determine who develops myeloma and who 
doesn't, will all provide crucial tools to support 
early intervention. 

The research has even wider implications. 
Because MGUSis easy to diagnose, and is simple 
to track with regular, non-invasive blood tests, it 
is easy to follow patients and monitor their pos- 
sible progression from benign to malignant dis- 
ease. Information from such studies could help 
researchers develop a model to provide informa- 
tion not only to halt the disease, but to inform 
cancer research more broadly — and create a 
map of the course taken by this deadly disease. m 


Cynthia Graber is a science writer based in 
Somerville, Massachusetts. 
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Multiple myeloma causes lesions that damage = 
the structure of bones and leaves them weak. 


ORTHOPAEDICS 


Structural support 


Finding a treatment for the bone destruction caused by myeloma helped researchers 
understand the biology of bone. 


BY JENNIFER BERGLUND 


etidronate came into use as an effective treat- 

ment for bone problems. Etidronate is a bis- 
phosphonate, a class of material known since 
the late 1800s to inhibit metal crystallization 
and corrosion, a feature that led to its wide usage 
in the oil and gas industry. More than 60 years 
later, researchers at Proctor & Gamble found that 
bisphosphonates are just as effective at pre- 
venting the destruction of bones in the human 
body as they are at stopping metal degradation. 
Proctor & Gamble began marketing etidronate 
as Didronel, and it soon became a standard 
treatment for muscle calcification, Paget's disease 
of bone, heterotropic ossification (in which bone 
is formed outside the skeleton), menopausal 
osteoporosis and, finally, bone degradation in 
multiple myeloma’. 

It was the use of bisphosphonates for mul- 
tiple myeloma that led to further revelations. 
“The fact that these drugs were effective in 
myeloma led a lot of people to be interested in 
bone disease and what the pathophysiology was,’ 
says oncologist James Berenson, medical and 
scientific director for the Institute for Myeloma 
and Bone Cancer Research in West Hollywood, 
California. 


I: the 1960s, a remarkable substance called 


So myeloma emerged 


> NATURE.COM as a model for studying 
For some of the bone disease. “A large 
latest research on part of our understand- 
multiple myeloma: ing of cancer and bone 
go.nature.com/yyrxsS disease has come from 
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myeloma-related work,” says Nikhil Munshi, an 
oncologist at the Dana-Farber Cancer Institute 
in Boston, Massachusetts. Indeed, says Munshi, 
“myeloma is at the forefront” of research into 
bone pathology. Treatments developed primar- 
ily for multiple myeloma — including not only 
bisphosphonates but also proteasome inhibitors 
and surgical techniques — have revolutionized 
the way doctors treat bone diseases. 


BONING UP 

Myeloma cells are able to survive, differentiate 
and proliferate because they receive structural 
support from stromal cells in the bone marrow, 
along with soluble materials and extracellular 
protein. The cancer cells then release agents that 
suppress bone development and accelerate bone 
degradation. Up to 80% of multiple myeloma 
patients have either osteoporosis, lytic lesions or 
bone damage, which “tells us something impor- 
tant about bone biology’, according to Munshi. 
This knowledge is applicable to most forms of 
cancer, because bone is one of the most common 
places for cancer to metastasize. For example, up 
to 75% of advanced prostate cancers end up in 
the bones, as do 30% of lung and renal cancers, 
says David Roodman, who leads research into 
multiple myeloma at the University of Pittsburgh 
Cancer Institute in Pennsylvania. 

Cancerous cells in bone tissue trigger a 
destructive cascade of events that often reduces 
the patient’s quality of life. As advances in the 
treatment of multiple myeloma have prolonged 
the lives of patients, the focus has turned to pre- 
venting the progression of bone disease and 
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repairing damaged bone. “Myeloma has provided 
a good model for normal bone pathogenesis, that 
is, new bone formation versus bone resorption; 
says Kenneth Anderson, who leads multiple mye- 
loma research at the Dana-Farber Cancer Insti- 
tute. “It has also allowed us to evaluate new cancer 
targets as well as new target therapies to enhance 
bone formation and block resorption — not only 
in cancer, but in non-malignant diseases as well? 
In healthy bone, there is a balance between 
the activity of cells that build up new bone tissue, 
called osteoblasts, and those that break it down, 
called osteoclasts. Myeloma cells upset this bal- 
ance by promoting the activity of the destructive 
osteoclasts and inhibiting the work of osteoblasts, 
resulting in increased bone resorption. Moreover, 
in a vicious cycle, bone destruction releases sev- 
eral cell signalling molecules, or cytokines, that 
promote the further growth of myeloma cells. 
Bisphosphonates restore the balance by suppress- 
ing osteoclast activity, thereby discouraging bone 
resorption and suppressing tumour growth. 
Bisphosphonates have “totally transformed 
the way we treat multiple myeloma’ says Ander- 
son, “I can’t overstate how different it was when 
we were able to decrease the bone complica- 
tions.” And etidronate was only the beginning. 
Monthly injections of newer bisphosphonates, 
such as pamidronate and zoledronic acid, have 
become a central element of treatment for mul- 
tiple myeloma. Their effectiveness in inhibiting 
bone resorption makes bisphosphonates effective 
in treating other forms of bone disease too, such 
as brittle bone disease (osteogenesis imperfecta), 
Paget's disease, postmenopausal osteoporosis and 


PROTECTING THE BONE 


Bisphosphonates restore the balance of bone creation and destruction by 


suppressing the activity of osteoclasts. 


Bisphosphonates may 
modulate signalling from 
osteoblasts to osteoclasts 


Bisphosphonates 
inhibit osteoclast 
activity and promote 
cell death 


Bisphosphonates 


are released locally 
during bone 
degredation 


bone metastasis, which all are triggered by imbal- 
anced osteoclast and osteoblast activity. 

But the role of bisphosphonates in treating 
bone disease goes beyond slowing degradation 
that is already under way. A study published last 
year in The Lancet revealed that bisphosphonates 
may also prevent future degradation, although 
the mechanism is not yet fully understood. In 
terms of myeloma therapy, “that changes every 
stage of the disease’, says Munshi. 

Bisphosphonate therapy “may be especially 
useful for patients who have a propensity to 
develop metastases’, says Roodman. “If we could 
identify a really high-risk group, those might be 
the people we should treat,’ he adds, because 
some myeloma patients go on for years without 
developing bone damage. 


DIFFERENT DISEASES 
The drugs that are the gold standard in treating 
myeloma, proteasome inhibitors (see ‘More shots 
on target, page S40), are also potentially benefi- 
cial in fighting bone disease. Although not cur- 
rently used to treat other forms of bone disease, 
they have provided some interesting insight. 
Over the past few years, researchers have 
found that the most commonly used protea- 
some inhibitor — bortezomib — not only inhib- 
its osteoclast formation but also promotes bone 
generation in three ways. First, it stimulates the 
activity of osteoblasts; second, it promotes the 
production of the bone-building protein BMP- 
2; and third, it inhibits DKK1, the gene that 
encodes the DKK1 protein, which is believed 
to block bone growth. “These kinds of insights 


Bisphosphonates 
are concentrated 
under osteoclasts 


Right: Coloured 
X-ray of the 
upper arm 
reveals the 
presence of 
myeloma 
(orange), which 
originates in the 
bone marrow. 


New bone 


Bone 


will allow people to look for new targets,” 
says Roodman. 

A range of anti-DKK1 antibodies is being 
developed, including BHQ880 from Novartis, 
currently in phase I/II clinical trials. Although 
itis primarily intended for myeloma patients, 
the Novartis antibody might also be useful for 
treating osteolytic bone diseases, such as breast 
cancer, which often metastasizes into bone 
tissue. If the anti-DKK1 antibodies can promote 
bone formation, leading to fewer fractures and 
less bone pain, they could potentially be used for 
other diseases, such as osteoporosis. 

The similarities between myeloma and other 
bone diseases extend beyond pharmaceuticals. 
A surgical technique called kyphoplasty is 
routinely used to treat myeloma-related bone 
degradation in the spine. In this minimally 
invasive technique, a balloon is blown up inside 
the collapsed vertebra and medical cement is 
pumped into it. A randomized trial conducted 
by Berenson and his colleagues showed that 
kyphoplasty is extremely effective at relieving 
pain and reducing painkiller use, improving 
function, and enhancing the quality of life for 
myeloma patients’. 

Research into multiple myeloma also has 
implications for rheumatoid arthritis. The 
inflammation in rheumatoid arthritis is related 
to the activity of the cell’s cytokines, which are 
also involved in the progression of multiple 
myeloma. One such cytokine, interleukin-17, 
causes inflammation by increasing the activity of 
osteoblasts and myeloma cells and thus encour- 
aging bone degradation and tumour growth. 
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By studying the cytokine networks, researchers 
have learned a great deal about the driving forces 
behind these two diseases. 

The learning curve is not just in one direc- 
tion — drugs used to treat other bone condi- 
tions could be used to treat myeloma too. 
One example is denosumab, which targets the 
RANK ligand (RANKL), the protein that gives 
the primary signal promoting bone removal. 
Denosumab is currently used to treat hormone- 
induced osteoporosis in post-menopausal 
women’. In the summer of 2011, it entered 
clinical trials to treat multiple myeloma with 
bone metastases. 

All these insights have their roots in the realiza- 
tion that a substance that stopped pipe corrosion 
could also help the human body build its own 
skeletal structure. Without bisphosphonates, 
multiple myeloma and other forms of bone dis- 
ease may have remained a slow death sentence. 
But thanks to the innovations in treating bone 
disease for which bisphosphonates paved the 
way, this is no longer the case. Patients often sur- 
vive for many years after being diagnosed with 
multiple myeloma, and the focus of research 
is widening from prolonging patients’ lives to 
ensuring that those lives are more comfortable. m 


Jennifer Berglund is a science writer based in 
Somerville, Massachusetts. 
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PERSPECTIVE 


into several areas of tumour biology. Findings in multiple mye- 
loma have not only improved the understanding of human car- 
cinogenesis, but have also pioneered its translation into the clinic. 

Genomic techniques have dramatically improved our understanding 
of the pathogenesis of many human cancers, although the clinical impact 
of these findings has been limited in most of them. In myeloma, however, 
these techniques have helped to identify which patients are most at risk. 
Initial studies examining gross chromosomal alterations identified two 
subsets of patients based on the presence of unique chromosomal trans- 
locations or increased numbers of chromosomes. The development of 
fluorescence in situ hybridization subsequently enabled the evaluation 
of specific cytogenetic events in most patients and made it possible to 
further delineate specific risk categories. Treatments for other diseases 
also depend on risk assessments based on specific cytogenetic changes or 
gene mutations, but multiple myeloma has had the benefit of more global 
and detailed analyses — especially the pioneering work in array-based 
gene expression profiling (GEP), which has 
helped to evaluate specific biological and 
clinical risk’, 

As new anti-myeloma agents have 
emerged, GEP has also helped to identify 
which patients are most likely to respond to 
particular therapies. Moreover, by assem- 
bling large databases that combine GEP 
data and patient outcomes, the poten- 
tial importance of the overexpression or 
mutation of specific genes can be clinically 
validated. In this way, technologies such as 
single-nucleotide polymorphism and com- 
parative genomic hybridization arrays, as 
well as next-generation sequencing, can be 
used to characterize genetic changes at the single-nucleotide level. These 
studies are likely to influence clinical care in the future. 


To study of multiple myeloma has provided exceptional insights 


A DEEPER UNDERSTANDING 

The bone-marrow microenvironment has long been recognized as a 
critical factor in the pathogenesis of multiple myeloma’. Extracellular 
matrix proteins, soluble growth factors and cytokines all have a profound 
influence on the growth, survival and drug resistance of tumour cells. 
Similarly, the interaction between malignant plasma cells and a wide 
range of other cell types, including bone-marrow stromal cells, fibro- 
blasts, osteoblasts, osteoclasts and endothelial cells, has been shown 
to mediate both tumour growth and the bone disease that commonly 
affects myeloma patients. The impact of the extracellular environment 
on tumour biology is not unique to this type of cancer, but these complex 
interactions have been defined at a particularly detailed level in multiple 
myeloma. 

Cancer stem cells (CSCs) are distinguished by their ability to produce 
tumours that recapitulate the malignancy from which they are derived 
and then maintain this tumorigenic potential through the process of 
self-renewal. Although CSCs have been identified and characterized 
in many solid tumours and haematological malignancies, studies in 
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NEW INFORMATION ABOUT 
THE BASIC BIOLOGY OF 
MULTIPLE MYELOMA HAS LED 
TO MARKED IMPROVEMENTS 
IN PATIENT OUTCOMES. 


A model disease 


Despite its rarity, multiple myeloma is an ideal testing ground for 
cancer biology, says William Matsui. 


multiple myeloma have made a significant contribution to the under- 
standing of CSC biology’. For example, findings from myeloma studies 
were among the first to demonstrate that CSCs may be more resistant 
than bulk tumour cells to typical anti-cancer agents. Several processes 
that protect non-cancer stem cells from toxic injury are responsible for 
this multidrug resistance, including the increased expression of proteins 
that allow them to pump drugs out or convert them into inactive metabo- 
lites. The implication is that CSCs persist after treatment, mediate tumour 
regrowth and play a central role in disease relapse. 

Given the potential role of CSCs in the pathogenesis of multiple 
myeloma, it is not surprising that several strategies to target them have 
been identified. Cellular processes regulating all kinds of stem cells area 
major focus of investigation. For example, the exploration of pathways 
involved in normal embryonic development, such as the Hedgehog sig- 
nalling pathway, have paved the way for similar findings in a broad range 
of tumour types. Similarly, studies of multiple myeloma identified ways of 
targeting CSCs by cellular processes that regulate postnatal stem-cell and 
tissue homeostasis, involving telomerase for 
example, and these are now being applied to 
other tumour types. 


CLINICAL BENEFITS 

Beyond basic research, multiple myeloma 
has also provided a test-bed for translating 
the CSC hypothesis into the clinical setting. 
Several clinical trials explicitly targeting 
CSCs in myeloma are underway. Because 
CSCs constitute a minority of tumour 
cells in many cancers, the typical means of 
evaluating drug efficacy, such as following 
changes in tumour size and bulk after treat- 
ment, are unlikely to detect whether the 
rare CSCs have been affected. These challenges have made it difficult to 
demonstrate that CSCs are clinically important. Biomarker strategies 
capable of serially quantifying myeloma CSCs have been developed, 
however, and results correlating the relative number of myeloma CSCs 
with clinical outcomes have provided evidence supporting the relevance 
of these cells*. 

The wealth of new information regarding the basic biology of multiple 
myeloma has led to marked improvements in the outcomes of patients 
that represent some of the greatest gains in clinical oncology over the past 
decade. It is also clear that novel findings in myeloma have made possible 
similar discoveries in many other cancers. In this way, multiple myeloma 
serves as a model to improve cancer treatment as a whole. m 


William Matsui is an oncologist at the Sidney Kimmel 
Comprehensive Cancer Center at Johns Hopkins University 
School of Medicine in Baltimore, Maryland. 

e-mail: matsuwi@jhmi.edu 
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